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P R E F A C E

The U . S . E n v i r o n m e n t a l P r o t e c - i o n Agency has i n i t i a t e s 1 _-; -- ' .
a c t i o n a g a i n s t t h e O u t b o a r d M a r i n e C o r p o r a t i o n ( C M C ) i - j c - j t i i
. - .djacent t :> W a u k e g a n H a r b o r , W a u k e - g a n , I l l i n o i s . This i n d u s t r y
.as a p p a r e - t l y d i s c h a r g e d PC5-contarr . i n a t e d e f f l u e n t s bo th t -> a

Ditch t r i b u t a r y to Lake M i c h i g a n and to the Harbor i tself over a
p e r i o d o f a p p r o x i m a t e l y 2 0 y e a r s . This r e p o r t p r e s e n t s t h e
r e s u l t s of a s t u d y u n d e r t a k e n to p r o v i d e EPA w i t h t e c h n i c a l
s u p p o r t f o r th is l i t i g a t i o n .

The s tudy included an eva lua t i on of data to de t e rmine the
a m o u n t and d i s t r i b u t i o n of PCS in con t amina t ed s e d i m e n t s , an
e v a l u a t i o n o f P C B r e s u s p e n s i o n i n t h e H a r b o r a n d D i t c h ,
e s t i m a t i o n of the q u a n t i t y of PCB being d i scha rged f r o m the
H a r b o r and D i t c h to Lake M i c h i g a n and a d e t e r m i n a t i o n of the
e n v i r o n m e n t a l impact and s i g n i f i c a n c e of the r e suspended PC3 upon
the H a r b o r and the L a k e . A d d i t i o n a l l y , an assessment o f the
s i g n i f i c a n c e of the r e m o v a l o f H a r b o r s e d i m e n t s i s p r o v i d e d .

T e c h n i c a l w o r k w h i c h f o r m s t h e basis o f t h i s r e p o r t c o m m e n c e d
in May 1979 and was c o n d u c t e d a t the o f f i c e s o f H y d r o s e i e n c a ,
I n c . , W e s t w o o d , N e w Je r sey . M r . John J . H i g g i n s p a r t i c i p a t e d i n
t he d e v e l o p m e n t o f the t e c h n i c a l w o r k a t t h a t t i m e . S u b s e q u e n t
to May , 1933, a d d i t i o n a l technical eva lua t ions were p e r f o r m e d and
t h e f i n a l r e p o r t w a s p r e p a r e d b y H y d r o Q u a l , I n c . , M a h w a h , N e w
Je r sey , u n d e r s u b c o n t r a c t .



ABSTRACT

This study was undertaken to provide USEPA with technical
support for legal action taken against an industry accused oE
contaminating sediments in the North Ditch and Waukegan Harbor,
Illinois. "In support of this litigation, quantitative
evaluations of the extent of the PCB exposure currently presented
by this condition to the Lake Michigan and Harbor ecosystems we r ~-
made .

The "best estimate" of how much PCB is contained in the North
Ditch and Harbor sediments is 484,500 kg. Given the uncertainity
associated with the estimates of the mass of PCB discharged, it
cannot be determined from the data alone whether all the PCS
discharged is still in the Ditch/Harbor system or if thousands of
kilograms of PCB are unaccounted for and have presumably escaped
from the Ditch/Harbor system,

A mathematical model of the Harbor was prepared and
calibrated to chloride, suspended solids, dye and PCB data. The
model indicates that, presently, about 10 kg/yr of PCB i.;
reaching the Lake from the Harbor, including transient storm
events .

A mathematical model of the North Ditch was prepared and
calibrated to suspended solids and PCB data. Model simulation
indicate that the total PCB discharge from the North Ditch is, at
present, about 5 kg/yr. The total present PCB discharge to Lake
Michigan from the Harbor/Ditch system is about 15 kg/yr.

Small fish tissue levels are estimated to be ten to twenty
times higher than FDA limits for fish for human consumption.

Removal of PCB contaminated sediments to the 100 u g/g level
result in a calculated significant drop in fish body burdens.
Removal of PCB contaminated sediment to the 13 ug/1 level reduces
calculated fish body burdens to almost FDA limits. Additional
removal of sediment to the 1 ug/g level does not result in any
further ;:iarked reductions in fish body burdens.
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SECTION 1

INTRODUCTION

Harbor

Waukegan Harbor is located on the western shore of Lake
M i c h i g a n , some 43 km (30 m i . ) no r th of Chicago and a p p r o x i m a t e l y
15 km (9 m i . ) south of the I l l ino is -Wiscons in state l i n e . The
Harbor is a p p r o x i m a t e l y 1.5 km (.9 m i . ) long in the shape of an
L, r u n n i n g n o r t h and sou th . Two side channe l s each about 25u m
(300 f t . ) in l e n g t h b r a n c h off to the west. Depths r ange f r o m as
l i t t l e as 2 m e t e r s (6 f e e t ) in the s ide branches to as m u c h as 6
m e t e r s (20 f e e t ) in the n a v i g a t i o n channe l s . F i g u r e 1 shows the
loca t ion o f W a u k e g a n H a r b o r .

The H a r b o r d r a i n s an area of 390 ,000 sq .m. (96 a c r e s ) . I t s
shores a r e l i n e d w i t h i n d u s t r i a l a n d c o m m e r c i a l f a c i l i t i e s .
Total discharges to the H a r b o r are e s t i m a t e d to be a p p r o x i m a t e l y
0 .25 x 10 tr. J/day (1 M G D ) f r o m both r u n o f f and i n d u s t r i a l
sources . It is also es t imated that about 0.75 x 10 rn / d a y (3
MGD) a re w i t h d r a w n f r o m the H a r b o r by the s u r r o u n d i n g i n d u s t r i a l
f ac ili ties .

Since the c o n t a m i n a t i o n of the Harbor by PCS' s has been
i d e n t i f i e d , numerous sampling programs have been conducted . A
s ta t ion i d e n t i f i c a t i o n system has been established and is adhered
to in this report . The locat ions of the Harbor and n e a r - s h o r e
Lake M i c h i g a n sampl ing s tat ions are shown on F igu re 2.

Di tch

The North Ditch is a small tributary to Lake Michigan located
to the Northeast of the City of Waukegan and drains a small area
(.11 mi ) of mostly industrial coverage, Fi g u r e 3A. The
geomorpho1ogy and hydrology of the North Ditch has been
investigated only recently (Noehre and Graf, 1983) (Eu'COTEC,
1977) (Battelle, undated) , and then only in connection with the
PCS contamination issue. The flow and depth of water in thj
North Ditch is governed by rainfall, groundwater anc the water-
level in Lake Michigan. The adverse slope of tne bed in the last
5J3-3*)0 ft., (Figure 3B) , causes backwater conditions even with
minimal wind action, whereas at higher onshore winds the la*e
water intrudes into the North Ditch which is subsequently cut off
from the l3Ke by the formation of sandbars at the mouth. These
sandbars are subsequently removed naturally or by intervention of
man .
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SECTION 2

C O N C L U S I O N S

The f o l l o w i n g general conclusions are d r a w n f rom the w o r K
presented in this Report .

1. (a) The "best es t imate" of the mass of PCS r e s i d i n g in
the sediments of W a u k e g a n Harbor and the N o r t h
Ditch is 484,500 kg (1 ,100 ,000 Ibs) . About 43% of
this mass is in Waukegan Harbor and about 95% of
the mass in the Harbor is conta ined in Slip jf 3.

(b) The da ta on PCB in the s ed imen t a re q u i t e v a r i a b l e
and based on s ta t i s t ica l p r o c e d u r e s , the " h i g h
e s t i m a t e " of the mass is 8 7 1 , 0 0 0 kg ( 1 , 9 0 0 , 0 0 0 Ibs )
and the " low e s t i m a t e " is 125 ,503 kg ( 2 7 6 , 6 0 0 Ibs ) .

(c) One cannot judge on the basis of these es t imates
alone whether there has been or whether there is
now any s i g n i f i c a n t discharge of PCB f r o m the
Harbor -Di t ch system. The mass of PCB in the
sediment mus t be coupled to addi t iona l analyses of
the hydrograph ic behav iour of the H a r b o r and Di t c r ,
w a t e r s and suspended sed imen t .

2 . ( a ) P r e s e n t t o t a l P C B c o n c e n t r a t i o n s i n t h e w a t e r
co lumn v a r y f r o m about 0 .6 ug/1 in the inne r H a r b o r
to less than .01 yg/1 in the Lake r e g i o n d i r e c t l y
o f f s h o r e f r o m the H a r b o r . The range o f v a r i a b i l i t y
in the wate r co lumn concentrat ions is about 1.5-2
orders of m a g n i t u d e .

(b) About 60% of the total Harbor PCS in the w a t e r
column is in the dissolved f o r m . The percent of
the dissolved form decreases to about 40% in the
Lake .

(c) For the N o r t h D i t c h , da t a o b t a i n e d in 1979 ind ica te
a v e r a g e w a t e r co lumn PCB c o n c e n t r a t i o n s of a b o u t 7
yg /1 w i t h peak va lues d u r i n g r a i n f a l l e v e n t s o f
80 -163 ug/1 . D u r i n g a r a i n f a l l on M a r c h 30 , 1979 ,
a b o u t .14 kg ( 3 . 3 lo) w e r e d i s c h a r g e d to the La .<e .

2 . (3 ) A m a t h e m a t i c a l m o d e l o f the H a r b o r , c a l i b r a t e . ! to
c h l o r i d e , suspended so l i d s and dye da ta i n d i c a t e s
a n a p p r o x i m a t e h o r i z o n t a l e x c h a n g e a c r o s s t h e
H a r b o r - L a k e b o u n d a r y e q u i v a l e n t to a f l o w of a b o u t
3.9 n / s, ( 1 4 0 f t " / s ) . This exchange f l o w is due t->



the na tu r a l process of water m o v e m e n t be tween the
Harbor and Lake. The model was ca l ib ra t ed to the
PCB d a t a in the w a t e r c o l u m n u s i n g e x i s t i n g PCB
s e d i m e n t c o n c e n t r a t i o n s a s t he p r i m a r y i n p u t .

(b) A m a t h e m a t i c a l model of suspended solids and PCB
t r a n s f e r i n t h e N o r t h D i t c h , c o n s t r u c t e d w i t h
p r i n c i p l e s s i m i l a r to t ha t of the H a r b o r w e r e
ca l i b r a t ed to d a t a collected in 1979 and i n d i c a t e d
that t r a n s i e n t s t o rm events can r e su l t in the
t r ans ien t d ischarge of PCB due to resuspension f r o m
c o n t a m i n a t e d N o r t h Di t ch s e d i m e n t .

4. (a) At p re sen t , the c a l c u l a t i o n s ind ica t e tha t the net
exchange of PCB f r o m the Harbor, to the Lake is
about 10 kg/yr (22 Ib /y r ) , i nc lud ing t r ans i en t
s torm events .

(b ) For the N o r t h D i t c h , an a v e r a g e d i s c h a r g e o f a b o u t
2 kg/yr ( 4 . 4 Ib/yr) is es t imated based on both
observed da ta for 1979 and model c a l i b r a t i o n s . A
s i m u l a t i o n of a s ingle s t o rm event e q u i v a l e n t to
the max imam expected event in an a v e r a g e yea r
r e s u l t e d i n t h e d i s c h a r g e o f a n a d d i t i o n a l
approx ima te load of 3 kg (7 Ibs) . The toca l
d i s c h a r g e f r o m the N o r t h D i t ch is abou t 5 k a / y r
(11 I b / y r ) .

(c) The total present d i scharge to Lake M i c h i g a n f r o m
t h e H a r b o r / D i t c h sy s t em i s t h e r e f o r e a b o u t 1 5
kg /y r .

5. Unde r the present level of dissolved PC3 in the
H a r b o r , smal l (<300 mm) f i s h t issue levels ar-?
e s t i m a t e d to be f i v e to ten t ines h i g h e r t h a n FDA
l i m i t s f o r f i s h f o r h u m a n consunpt ionof 5 u g / g i n
the edible p o r t i o n .

6. (a) I t is e s t i m a t e d tha t d u r i n g d i rec t d i scha rge of PC3
t o t h e H a r b o r ( a b o u t 1 9 5 5 - 1 9 7 1 ) , 381, o f t h e
d i s c h a r g e load escaped to the L a k e and 62% e n t e r e d
the sed i m e n t .

F o r t h e N o r t h D i t c h , d u r i n g l o w f l o w , l o w scour
c o n d i t i o n s , i t i s e s t i m a t e d t h a t 2 9 % o f P C B
d i s c h a r g e d to the D i t c h ( a b o u t 1953-1971) escape::
t o t h e L a k e a n d 7 1 5 e n t e r e d t h e N o r t h D i t c n
s e d i m e n t . U n d e r h i g h e r f l o w a n d h i . : h e r scour
c o n d i t i o n s , a b o u t 5 J T o f t h e d i s c n a r g e d P C 3 e n t e r e d
1 ."i e L3 < 2 .

D'j r i r .g the pe r iod 1955-1971, 5 , 3 ; ^ , C 0 Kg of PCS
p u r c h a s e d b y O u t b o a r d .Yar i r . e C o r p o r a t i o n . O n

b r i s i s of tne m ass of PCB p r e s e n t l y in tne

- 6 -



H a r b o r / D i t c h s ed imen t s and the es t imated f r a c t i o n
of any PC3 d i s c h a r g e d to the Harbo r /D i t ch tha t
e n t e r s t h e L a k e , i t i s c a l c u l a t e d t h a t d u r i n g t h e
use of PCE by CMC, 14% of the purchased PCS e n t e r e d
the H a r b o r / D i t c h complex under the "best e s t i m a t e . "
The range is f r o m 4% to 2 4 % .

(b) I t is also ca l cu l a t ed tha t d u r i n g the use of PCS,
5% of the to ta l a m o u n t purchased escaped to L a k e
M i c h i g a n u s ing the "best e s t i m a t e . " The low and
h i g h es t imate is 1-7%. The 5% loss of purchased
PCB to Lake M i c h i g a n represents an average a n n u a l
i npu t to the Lake of 15,000 kg/yr ( 3 3 , 0 0 0 I b / y r ) .
The range in the average a n n u a l i n p u t i s f r o m 4 , 2 0 0
kg/yr ( 9 , 2 0 0 Ib/yr) to 26 ,600 kg/yr (58 ,600 I b / y r ) .

(c) The "best e s t i m a t e " of 15,000 kg/yr d i s c h a r g e d to
l a k e M i c h i g a n d u r i n g PCB p roduc t usage i s a t l ea s t
100-1000 t imes g r e a t e r than the p resen t e s t i m a t e d
d i s c h a r g e of 10-20 kg /y r .

8. (a) R e l a t i v e to the whole of Lake M i c h i g a n , the p resen t
f l u x f r o m W a u K e g a n H a r b o r a n d t h e N o r t h D i t c h o f
about 10-20 kg PCB/yr is less than 1-2% of the
total present load of 1400-5600 kg PCB/yr . The
present f l u x is m o r e s i g n i f i c a n t howeve r on a loca l
n e a r - s h o r e b a s i s w h e r e r e g i o n s o f f i s h P C S
c o n c e n t r a t i o n s g r e a t e r t h a n 5 \ \ g/g are e s t i m a t e d .

(b) The past d i scharge d u r i n g the t ime of PCB usage may
have r anged f r o m 3-5 t imes the present PCB i n p u t
f r o m al l o the r e x t e r n a l sources . I t i s e s t i m a t e d
t ha t the 15 years of i n p u t at 15,000 kg/yr r e s u l t e d
in a total PCB concen t ra t ion for Lake M i c h i g a n of
7-15 ng/1 in 1973.

(c) The past d i s c h a r g e of PCS to the Lake f r o m the
H a r b o r a n d D i t c h d u r i n g u s e o f P C B m a y h a v e
accounted for a p p r o x i m a t e l y 50-90% of Lake M i c h i g a n
w a t e r c o n c e n t r a t i o n a n d f i s h body b u r d e n a t p e a k
l eve l s .

9 . ( a ) C a l c u l a t i o n s i nd i ca t e that d r e d g i n g o f c o n t a m i n a t e d
Vv'aukegar . H a r b o r s e d i m e n t to levels of a p p r o x i m a t e l y
I D - 1 3 0 u g / g wou ld p r o b a b l y e l i m i n a t e t h e p r e s e n t
d i s c h a r g e of PCB f r o m the H a r b o r to the L a k e .

{ 0} R e m o v a l of PC3-con tarn ina ted sed iment to l . 'O u g/ 3
r e s u l t s i n a c a l c u l a t e d s i g n i f i c a n t d r o p i n f i s h
body b u r d e n s to less than 5 u g/g for al l but the
i n n e r m o s t 533 n of the H a r b o r .



(c) Remova l of PCs-con tamina ted s ed imen t to 10 u g / g is
es t imated to r e su l t in f i s h body burdens in the
H a r b o r to levels of a n o u t 3 u g / g .

(d) Add i t iona l removal of PCB-contaminated sediment to
1 ug /9 does not r e s u l t in m a r k e d i m p r o v e m e n t in
water q u a l i t y o r a n y f u r t h e r n a r k e c r e d u c t i o n s i n
f i s h body b u r d e n s .



SECTION 3

HARBOR AND NORTH DITCH SEDIMENT PCS

A critical determination of the problem at hand is to
estimate the amount of. PCB in the sediments of the Waukegan
Harbor and North Ditch. This determination is made by an
examination and statistical analysis of the available PCS
sediment concentrations. Since the method for estimating the PCB
mass is the same for both the Harbor and the Ditch, the available
data are discussed first and the method and the resulting
estimates are given. Particular emphasis is placed on the
sediment since the solids in the bed of the Harbor and Ditch
represent the principal reservoir of PCB from past discharges.

Harbor

Three principal sources (Battelle, undated; Armstrong, 197$);
and ERG, 1979) provided data on concentrations of PCB in the
harbor sediments. A later (1981) series of borings in slip No.
3, performed by Warzyn Engineering, are not included inthis
analysis since only a small fraction of the data were available.
Battelle (undated) reviewed and presented data from four surveys
as follows :

U.S.E.P.A. - 5/12/76
U.S. E. P. A. - 6/9/76
State of Illinois - 2/77
ENCOTER - 5/77

The Armstrong (1977) data are for the surface sediment
samples whereas the other surveys contain data on samples as far
as 5 feet below the surface of the sediment.

Figure 4 is a plot of the surface sediment PCB data as a
function of Harbor dista.nce. At the innermost Harbor location
(Stas. HI and H2) values ranged from 100 to 10,000 ug PC3/g
(dry) . Concentrations then decrease several orders of magnitude
to a range from 0.1 to 10 u g/g at the Harbor mouth. These" val ues
compare to a range of PCS surface sediment concencra t ions for
open Lake Michigan of .31 - 0.1 u g/g (IJC, 1978).
apparent difference between the 1976 and 1979 data.

There

Figure 5 shows an
the sediment PCS data,

example of the frequency distribution
on tae left using an arithmetic scale

no

of
of

c o n c e n t r a t i o n i n t e r v a l , and on the r i g h t u s i n g a log scale o : PCB
i n t e r v a l s . T h e l a t t e r f r e q u e n c y d i s t r i b u t i o n
n o r m a l l y d i s t r i b u t e d a n d i n d i c a t e s t h e t endency

a p p e a r s m o r e
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be representative of a log normal frequency distribution. This
distribution is further explored in Figure 6 where the data are
plotted on log normal frequency scales. Note that over all
depths to 1.5 meters (5 feet) over the entire Harbor region, the
concentrations span seven orders of magnitude. As shown, the
data tend to be in three groups: the high concentrations in the
0-1 meter (0-3 ft) depth in the uppermost region of the Harbor
(Slip # 3, Stations HI and H2 of Figure 2), the remainder of the
Harbor sediments down to 1 meter (3 ft) and finally the deeper
sediments in the 1-5 meter (3-5 ft) range. The median of all the
data is 55 ug/g/ with a 90% exceedance value of 2000 yg/g. The
log normal distribution of sediment PCB data has also been
reported by Tofflemire et al (1979) from an analysis of PCB's in
the Hudson River. In Waukegan Harbor, the wide range of PCB in
the sediment probably results from highly localized depositional
patterns resulting in variable "hot spots" which are randomly
sampled. The data variability indicates a need for additional
sediment sampling and evaluation and comparison of such data to
the existing distribution of concentrations.

Ditch

Two principal references (Battelle undated, Mason and Hanger
1981) provided data on concentrations of PCB in the sediments of
the North Ditch. Battelle reviewed and presented data from four
surveys as follows

USEPA 6/9/76
State of Illinois 6/9/76
State of Illinois 2/77
ENCOTEC 4/77

Figure 7 shows the areas of the sampling stations of North
Ditch sediments. The most intensively sampled areas are areas 2
and 3 where the highest bottom sediment concentrations have been
reported. Figure 3 shows the distribution of the data with depth
at each station. From these distributions, it can be argued that
the sediment "mixing" within the sediment is unequal, hence, the
degree of scouring and deposition appears to be quite variaoie
over the length of the ditch.

Method of Estimating the Sediment PCB Mass

Given a volume of PCB contaminated sediment with data on the
PCB concentration (ug/g), the method consists of obtaining: (1} a
"mean" or "best estimate" concentration that may be attributed to
the whole volume, (2) a measure of the error or the error in t>.e
estimate, in forming the "mean" or "best estimate" in (1). The
best estimate of the PCS mass and the error of the estimate in

- 12 -
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this volume of sediment is then calculated from the mass of
sediment, the mean and error in the mean of the PCB concentra-
tion. The details of the procedure are described in the
following example. Figure 9 shows a probability plot of the
natural logarithms of the PCB concentrations in first 1 foot
layer of bottom sediment in area 2 of the North Ditch. It also
shows the approximate normal d i s t r i b u t i o n representing the
log- transformed data. From this distribution, the mean and
standard deviation of the log transformed data are determined.
These parameters are used to calculate the best estimate of the
concentrations and the standard error in that estimate. Thus if
{r-} are survey data, then x^ = Inr, and the x^ data are shown in
Figure 9 with mean and standard deviation y = 9.4 and o = 1.1.
The best estimate of the mean of ( r ±] data, p , is calculated
from (Parzen, 1960}

y = exply + — o }
r l x 2 xj

and the standard error in the estimate of y is given by

= v 0 + .0y x x'N 2N xj

The "best," "high" and "low" estimates of the concentration
3 L £

u , v + o , v - ar yr r ^
respec ti vel y .
These estimates, when multiplied, by the sediment mass in each
volume, will yield the corresponding estimates of the PCB mass.
It should be noted that this method depends on two key factors:
(i) the number of data points within a given volume and (ii) the
basis for the definition of a volume element. The first factor
underlies the assumption of log normality of the data and the
resulting parameter values. The second factor, represents the
spatial extent attributed to a datum or a group of data. Both of
these factors and especially the second one, can induce
fluctuations on the estimates. When this procedure is carried
out or. the harbor and ditch data, the estimates are shown in
Taoie I. For the Harbor, more than 95% of the total mass is
contained in Slip f 3, the uppermost arm of the Harbor.

Figures 1C and 11 show the estimated mean of total PCB in the
Sediments of the harbor and the ditch respectively by depth
across each of the water bodies.

- 15 -
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T A B L E I

ESTIMATES OF PCB MASS IN THE S E D I M E N T S OF

W A U K E G A N HARBOR A N D NORTH D I T C H

W a u k e g a n Harbor

N o r t h Di tch

Total

Best Es t ima te H i g h E s t i m a t e Low E s t i m a t e

2 0 7 , 1 0 0 kg
( 4 5 6 , 6 5 0 Ibs)

277,360 kg
(611,580 Ibs)

3 4 3 , 3 0 0 kg
(756 ,983 Ibs)

7 5 , 6 4 0 k g
(166 ,780 Ib s )

527 ,480 kg 49,810 kg
(1 ,163,100 Ibs) (109,832 Ibs )

4 8 4 , 4 6 0 kg 8 7 0 , 7 8 0 kg . 125 ,450 kg
( 1 , 0 6 8 , 2 3 0 Ibs ) ( 1 , 9 2 0 , 0 8 0 Ibs) (276 ,613 Ibs)
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In F igu re 12 the PCB mass in the Waukegan Harbor and
H a r b o r - D i t c h sys tem are shown. As i n d i c a t e d in Sec t ion 11 of
t h i s r e p o r t , the total amount of PCB purchased over the pe r iod
1955-1970 is e s t ima ted at 5 , 3 0 0 , 0 0 0 kg. The "best e s t i m a t e " of
the mass of PCB in the H a r b o r - D i t c h system t h e r e f o r e r e p r e s e n t s
abou t 9% of the total p u r c h a s e d . I t i s not c l ea r t h e r e f o r e , a t
t h i s po in t i n t he a n a l y s i s , w h e t h e r any s i g n i f i c a n t q u a n t i t y o f
PCB escaped to Lake M i c h i g a n d u r i n g usage of PCB or wha t the
present d ischarge of PCB is f r o m the H a r b o r - D i t c h system to the
Lake . Subsequent sections of this Report present an in-depth
ana lys i s of this ques t ion . It is clear however that one cannot
judge on the basis of the mass of PCB in the sediment alone
whether there has been or whether there is now any d i scha rge of
PCB f r o m the system.
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SECTION 4

DATA COLLECTION EFFORTS

A n u m b e r of da ta co l l ec t ion surveys of W a u k e g a n H a r b o r and
a d j a c e n t a reas o f Lake M i c h i g a n were p e r f o r m e d d u r i n g 1979 by
U S E P A , Argonne N a t i o n a l Labora to r i e s and o the r s . W e e k l y samples
w e r e t a k e n a t s ix H a r b o r s t a t ions and th ree n e a r s h o r e Lake
M i c h i g a n s ta t ions by USEPA over about a two month p e r i o d .
S a m p l e s we re a n a l y z e d fo r suspended so l i d s , total PCS and
p a r t i c u l a t e PCB. Harbor surveys wsre also car r ied out by the
Cranbrook Ins t i tu te of Science ( C I S ) . On two CIS surveys, May
15-17 and June 26-28, su r f ace sediment and suspended solids were
f r ac t i ona t ed in to f o u r s ize classes. The PCS associated wi th
each s ize class (as well as Total PCS and dissolved PCB) were
m e a s u r e d . Argonne conducted d a i l y surveys s a m p l i n g s i x H a r b o r
s t a t i o n s , s u r f a c e a n d b o t t o m , f o r 1 8 d a y s . T e m p e r a t u r e ,
c h l o r i d e s , l ead , suspended solids and total PCB ( s u r f a c e o n l y )
were m e a s u r e u . A r g o n n e also conduc ted an i n s t a n t a n e o u s re lease
dye s tudy in ear ly June. This da ta , along with h i s to r i ca l d a t a
were analyzed and incorpora ted in the ana lys is . Some of tnesa
analyses are reviewed below. Sediment da t a , as noted p r e v i o u s l y
were also collected by ERG and the U n i v e r s i t y of W i s c o n s i n .

Recent d a t a on the N o r t h Di t ch have been c o m p i l e d by Mason
and H a n g e r (1981) and s a m p l i n g of PC3 and suspended s e d i m e n t
c o n c e n t r a t i o n s were also o b t a i n e d by the U S E P A .



SECTION 5

WATER Q U A L I T Y DATA A N A L Y S I S

Harbo r

Figure 13 presents a time history of water column (surface)
total PCB measured at several stations during the daily surveys.
Large day to day variations exist. However, it is apparent that
the concentrations in the inner parts of the Harbor (H5 and H7)
are much higher, in general, than those observed at the entrance
to the Harbor (H14). It should be noted that the sharp decrease
in concentrations evident around May 9-10 are believed to be the
result of the flushing out of the Harbor by "clean" Lake water.
Similar behavior is pointed out later for chlorides data
collected during this period.

The daily data were analyzed statistically. Figure 14 shows
the concentration of Total PCB along a centerline transect
through the Harbor, while Figure 15 presents probability plots of
this data. In both figures it can be seen that the difference
between the inner Harbor and the mouth of the Harbor is
approximately one order of magnitude. The data at each station
approximates a logarithmic d i s t r i b u t i o n and the standard
deviation at each station is the same in terms of order of
nag ni tude .

As with the analysis of the sediment PCB data, the wide
variability in the data makes precise definition of water column
concentrations d i f f i c u l t . This can have significance when
attempting to estimate the quantity of PCB which is presently
being discharged from the Harbor to Lake Michigan.

Figure 15 shows the Total PCB associated with the suspended
solids on a dry weight basis. A difference of over three orders
of magnitude exists between the highest concentrations observed
on the solids in the inner Harbor and the lowest measured in
near-shore Lake Michigan. In the inner Harbor almost a two order
of magnitude difference exists at each sampling location.

Similarly, for the surface sediments the difference in
observed concentration between the Harbor and the Lake is over
f i v e orders of m a g n i t u d e with several orders of m a g n i t u d e
v a r i a t i o n evident at individual locations. This is shown in
Figure 17, which is the same as Figure 4.

Figure 13 presents the Total and Particulate PCS measured
Jurir.g one of the two " £ractionation" surveys conducted bv CIS.
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Both Total and Particulate PCB decrease in concentration as the
distance from the mouth of the Harbor decreases. The rate of
decrease appears to be about the same for both the Total and the
Particulate PCB.

As mentioned above, a series of samples were fractionated and
analyzed for suspended solids and total PCB. The five size
classes measured were:

Size 1 CD1 > 74U
Size 2 73u > Cp2 > 37y
Size 3 37u > Cp3 > 10y
Size4 10 > Cp. > 0. 7u
Size 5 0.7P > Cp5

Anything less than 0.7u was considered dissolved.

The Suspended Solids in two particle size classes (Size 2 and
4) are shown in Figures 19, 20, and 21. The distribution of
suspended solids in each size class have similar shapes with the
higher concentrations at the lower end of the Harbor and lower
concentrations at the upper end of the Harbor.

The PCB associated with the solids in each size class during
the survey are presented in Figures 22 and 23. In each class the
highest concentrations are measured in the inner Harbor and the
lowest are observed in at the mouth of the Harbor. As with the
suspended solids data, the shapes of the profiles are all
sim ilar .

The concentration of PCB on the suspended solids in two size
classes are shown in Figure 24. Little or no difference is seen
in the concentrations (v) associated with either size class.
Similarly, no difference is observed in the partition coeffic-
ients (a1) calculated from this data for each of these size
classes. One concludes from the data of Figure 24 that for the
two size classes, there is no appreciable differanca in the
sorpticn of PCB, i.e., there is no tendency for the PCB tc
preferentially adhere to the smaller particles.

Ditch

Figure 25 gives a summary of the available data for the
period between March and September 1979. The precipitation data
were obtained from the cl imatolog ical data for the State of
Illinois 1979, Waukegan Station 4 WSW. The discharge, sasper.cej
solids and total PCB concer.tr at ion are from samples collected at
the Footbridge, which is located approximately 200 ft above tne
m c u t h of the Ditch.



w SUSPENDED SOLIDS ( m g / 1 )
H

T O — r o e n - £ » L n c n
i

~n
^^

c
CD

<£>

CO
C

•D
CD

—

~ — s
OJ ————— O

CJ) ———————

CD ———————
O

CO

—28
2 0

Q. X " —— °
2 > m

x - — -n
in CD ° 3)2. o o
S '3 = — J
o
0
3r>
3

Q

5"
3

1
CO
IM~
(V
o

=^
~ ———— -(—— Q

^ _ 4 O
X

- —— 0

X

S —— 33
r7 __ CD
ro O
ui -° O

"-
2
m

•

» r- r- ^en > • — •«
ro ^ OT ~-m ,

1

Ul
O
0

r~

1 1 1 1
— ro

ro
ro

ro
ro

ro ro

roro _
~" ro ro— i- r

— roro ~*

ro fo
r r.

—
. _ .

roro

^
^J 0,^
A X^

~o Cj

A ;j£
^ N^
3 ^



o>

Q
Do
o
UJ
Q
2
UJ
Q.

0

4
(4 )

1

4
(4)

I

H) (4L)

'4L

4(4)

DATA COLLECTED:
5/15-17/79

0.7<Cp4 ,um

(4L)
4L 4L

\
1500

STA HI 2 34

1000 500 0 -500
DISTANCE FROM MOUTH OF HARBOR (METERS)

7 9 1 0 I I

—— HARBOR-
12 I4L-2I5 L-6

LAKE
L-4

Figure 20. Suspended solids concentrations-Size class 4



o

en
E 4

to
Q

_J
0 3
CO

O
UJ
Q
z
UJ 2
Q.
CO
ID
to

1

0

STA. H

——— VH; ————————————
£>AT A COLLECTED:

6/26-28/79

0.7<Cp4 <IO^m

4

(4)

(4)

4

4

__ I
I C

<

JOO

> ;S t i

Figure

j (

21

4(4)

I

<

1

i
(4)

(4L)

4L|
1000 500 0

DISTANCE FROM MOUTH OF HARBOR
I I ' '

i 7 9 1
1 1 A «•

Suspended

0 1
BOR

soli

1 1
1 12 13 K1 L 2

ds concentrations -

5

4L 4L
(4L) (4L)

1
-500

(METERS)

L
— \

-6 L-
A ixtr ^

-4
fc L- « IV l_ "

Size class 4



1

O.I

001

\
o>

-5- oooi
CD
o
Q.

O.I

0.01

OOOI

STA. H

DATA COLLECTED
5/15-17/79

__ . ~2

3
3 3= IO<Cp4<37/zm
i

— 3
3 i 3

3
^i ^

~ 2=37<Cp 2<74/ im
22 l=74Mm<Cp |

- ^ 2

2 2 2 ,
2 , 2

I I l ? l ? 1
1500 1000 500 0 -500

DISTANCE FROM MOUTH OF HARBOR (METERS)
II 1 II 1

2 3 4 5 6 7 9 10 II 12 13 I4L-2I5 L-6 L-4
LJADQ/" \O 1 A t/ C"-* ———————————————— MAnbUK ———————————————— *--* ———— LAKt ——— ̂ -

Figure 22. PCB associated with suspended solids-Size classes 1,2,3



03
U
Q.

0.

001

0.001

O.I

0.01

0.001
1500

DISSOLVED (<0.7/*m)

4= <0.7<CP 4< 10

4
4

COLLECTED
5/15-17/79

4L

4L

IOOO 500 0 -500
DISTANCE FROM MOUTH OF HARBOR (METERS)

L-6 L-4
LAKE ———

STA. Ml 2 34 5 6 79 10 I I 1.2 13 I4L-2I5

————————————— HARBOR —————————————————

Figure 23. PCB associated with suspended solids-Size classes 4,5



o»
"•s.

0>

*«

~l

^-

CD
O
Q.
O>

•h.

*s

r

IU
-"•*

en
-s.

5. '°5
_**
3

I04

100.0
-̂ .

-o
•^n 100

mif

>
1.0

O.I

STA. H

MLf

4 4 2

4

/wrxj COLLECTED:
6/26-28/79

4= 0.7<CP4 <IOMm
4
2 2= 37 <Cp2 <74^m

2

3 4L

5 2

4L
42L 4L

1 1 1 1 1
1500 1000 500 0 -500

DISTANCE FROM MOUTH OF HARBOR (METERS)
I I I 1

2 3 4 5 6 79 10 1 1 12 13 14 L-2 15 L-6 L-4
._ HAnn/"ir? — - i r t i / r r ~- MAKUUK • m -* LAr\L *•

Figure 24. Partition coefficient and PCB associated
with suspended solids-Size classes 2,4



i
cu

\JJ~~~. 2

Q. —

H '
O
•- o

6

5

LJ
CP 4
CC —
< to
IIJ- 3

</)*-
Q 2

0

14

12
~ 10

C/1-v g
(/) ^

' 4

2
0

10
0
2 9
0 8

x— > 7
ffi ——

0\ 6
Q- o>

"H ™*

1- 3
0
1- 2

tJ l l i i . - .k i i. ill ,d . I . . . -

T T

/— HOURLY P E A K DISCHARGE

T / " 1

—— "r li i / 1
/ -r

,

!- 1
1 -i- 1

j - ' T T I i
1:1 I I i i li A hi iU ̂

~ 157)* *(50) • ,
-
— •
_ 4

— •• * •_ • • • • • • • • • • •
—

__

~ (301* *130) ^
—

— •

* •

* .'

"
* .

———

( I t - : 1 i i i i ! i | i > 1 i < i 1 < 1 ( 1 I i i t i 1 i i » i i 1 i | i i t

: tO 20 " 10 20 iO 2O 10 20 :0 ZO tO 20 10 20 j 1C 20

M A M J J A ' S ' O

Figure 25. Data record for March to November, 1979
at gage i (Footbr idge)



F r o m a c o m p a r i s o n be tween the r a i n f a l l record and m e a s u r e d
d i s c h a r g e , i t can be seen tha t the r u n o f f c a n n o t be d e t e r m i n e d
f r o m an ana lys i s of the r a i n f a l l a lone . I t has also been noted
( N o e h r e and G r a y , 1980} that d u r i n g some s torm events the re is no
net d i scha rge for the D i t c h due to backwa te r c o n d i t i o n at the
mo uth .

D u r i n g r a i n events , t h e f l o w howeve r w a s a p p a r e n t l y e s t i m a t e d
over a long te rm ave rage per iod

Q = 26 .89 CIA

wh e r e

Q is the average flow (cfs) , C is the runoff -coefficient-, I is
the average rainfall (in/d) and A is the drainage area (mi2).

During the period from June through October, there were 46
days for which there was measurable rainfall. For these
occasions, there was an average of 0.38 in/d (.97 cm/d). Using
the above expression and an average flow of approximately 0.45
cfs, a runoff coefficient of 0.4 can be estimated.

Excluding the March and April events, the mean of the
suspended solids concentration is 6.5 mg/1 and tne mean of the
total PCB concentration is 6.94 ug/1. From the constancy in the
profile and the low value of the mean suspended solids
concentration, it is reasonable to make a steady state estimate
of the PCB flux.

Using the mean of the PCB data, the average flow of about 1
cfs, a flux of 0.04 Ib/'d (0.318kg/d) is estimated, or for the
period from June through October a flux of about 1.9 Ib (0.67
kg). Extrapolating over the entire year a flux of about 4.5 ID
or 2 kg of PCB is estimated. The flux at the Footbridge and tne
flux at the mouth of the ditch are assumed to be equal due to tne
proximity of the Footbridge to the mouth.

Figure 26 gives a summary of the available data for the March
3d, 1979 event. The flow data in the extreme upstream and
downstream stations are given in terms of gage heights. The
rating curve of trie downstream gage was derived from the sediment
discharge vs flow discharge relationship for the downstream
station. In Figure 26A, the flow at the upstream station was
calculated from the derived rating curve of the downstream
station. Figure 263 indicates that the peak concentration of the
suspended solids at the mouth, downstream station, is twice the
peak of the suspended solids concentration of the upstream
station, the difference can be attributed to the runoff solids
and solids resuspenced from the bottom of the ditch. Figure 25C
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shows the total PCB c o n c e n t r a t i o n at the two ex t r eme s t a t ions .
The observed d r a m a t i c d i f f e r e n c e in the c o n c e n t r a t i o n i s a v e r y
s t r o n g i n d i c a t i o n t h a t any f l u x o f PCB f r o m the m o u t h t o t he L a k e
m u s t o r i g i n a t e f r o m the con tamina ted sediments of the 3 i tch s ince
t h e f l o w a t t h e u p s t r e a m s t a t i o n i s p r i m a r i l y s t o r m w a t e r . F i g u r e
25D shows the s e d i m e n t d i s c h a r g e ra te fo r the event w h i c h when
i n t e g r a t e d for the d u r a t i o n yie lds the total mass of d i s c h a r g e d
s e d i m e n t , which in this case is 295 Ib or 134 kg. S i m i l a r l y ,
F i g u r e 2 6 E g i v e s t h e t o t a l P C B d i s c h a r g e r a t e w h i c h w h e n
i n t e g r a t e d y i e l d s 0 .3 Ib o r 0 . 1 4 kg . o f PCB for the e v e n t .



SECTION 6

MATHEMATICAL MODEL OF WAUKEGAN HARBOR

A number of ques t ions , m a n y of w h i c h were c r i t i c a l to the
e v a l u a t i o n of the i m p a c t of the PCB c o n t a m i n a t i o n on w a t e r
q u a l i t y both in the H a r b o r and in Lake M i c h i g a n e x i s t . Among
these are "How much PCB is being resuspended in the H a r b o r ? " and
" H o w m u c h o f t h i s r e s u s p e n d e d PCB i s be ing d i s c h a r g e d f r o m the
H a r b o r to Lake M i c h i g a n ? " In o r d e r to p r o v i d e q u a n t i t a t i v e
e s t i m a t e s o f t h e a n s w e r s t o these a n d o t h e r q u e s t i o n s , a
m a t h e m a t i c a l model was be ing p r e p a r e d of W a u k e g a n H a r b o r and the
nea r - shore areas of Lake Mich igan s u r r o u n d i n g the Harbor .

The m a j o r i n t e r ac t i ons inc luded in the m o d e l , o t h e r t h a n
h y d r o d y n a m i c t r a n s p o r t a re a d s o r p t i o n - d e s o r p t i o n o f PCB to
suspended m a t t e r , the se t t l ing of suspended m a t e r i a l s , and the
resuspens ion of s ed imen t f r o m the bot tom sed iments . A s h o r t
descr ip t ion of these phenomena fol lows.

P C B ' s exist in a body of wa te r in two m a i n componen t s , the
dissolved and the p a r t i c u l a t e phases . The d i s so lved c o m p o n e n t
i n c l u d e s tha t pa r t of the PC3 tha t exis ts in s o l u t i o n ( a s sumed
less than .7 \i m) and the pa r t i cu la te component includes tha t pa r t
of the PCB w h i c h is adsorbed on the v a r i o u s fo rms of o r g a n i c and
i n o r g a n i c p a r t i c u l a t e ( s u s p e n d e d ) m a t t e r . T h e f o r m a t i o n o f these
two components resul ts f r o m the cha rac te r i s t i c low s o l u b i l i t y and
h i g h a d s o r b a b i l i ty o f PCB. The p a r t i c u l a t e c o m p o n e n t i s sub j ec t
to se t t l ing thus c o n t a m i n a t i n g the bottom sed imen t s . On the
other h a n d , the bottom sediment can be resuspended via the
s h e a r i n g a c t i o n o f t he o v e r l y i n g w a t e r and t h r o u g h t he ac t i ons o f

• o r g a n i s m s tha t i n h a b i t the upper l aye r o f the bo t t om s e d i m e n t s .
The e x i s t e n c e of c o n t a m i n a t e d b o t t o m s e d i m e n t gives r i se to
d i s s o l v e d P C B i n t h e i n t e r s t i t i a l w a t e r , w h i c h m a y d i f f u s e
d i s p e r s i v e l y i n t o t h e o v e r l y i n g w a t e r . A t t h e a i r - w a t e r
i n t e r f a c e , t h e r e a r e e x c h a n g e s o f d i s so lved PCB be tween t he w a t e r
c o l u m n and the a t m o s p h e r e . These a re b e l i e v e d to be i n s i g n i f i -
can t on the scale of W a u k e g a n H a r b o r , h o w e v e r , and were not
i n c l u d e d in t he k i n e t i c f r a m e w o r k . I t i s assumed t h a t t he a m o u n t
of PCB in the food c h a i n , a b o v e the p l a n k t o n i c l e v e l , i s srru-.ll.
T.1-. ;3 i m p l i e s t ha t the i n t e r a c t i o n between the a b i o t i c and b i o t i c
s e c t o r i s n e g l i g i b l e and can be i g n o r e d w h e n a n a l y z i n g the
a b i o t i c sec to r . The PCB assoc ia ted w i t h the p l a n k t o n i s i n c l u d e d
in the p a n i c u l a t e PCB c o m p o n e n .

For purposes of computation, the Harbor was divided into
sixteen homogeneous segments and Lake Michigan was segmented into
an a d d i t i o n a l fifteen. F i g u r e 27 shows the g e o g r a p h i c a l
distribution of the computational grid of the model. Vertically,
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Figure 27. Segmentation of mathematical model



each segmen t was cons ide red c o m p l e t e l y m i x e d in the w a t e r c o l u m n .
The s e d i m e n t u n d e r l y i n g each segment of the H a r b o r and Lake was
i n c o r p o r a t e d w i t h a v e r t i c a l l y we l l m i x e d s e d i m e n t s egmen t .

The geomet ry ( v o l u m e s , and i n t e r f a c i a l a reas) of the r e g i o n
w a s p r e p a r e d f r o m i n f o r m a t i o n o b t a i n e d f r o m several sources .
N O A A cha r t 1 4 9 0 4 , " L a k e M i c h i g a n , W i s c o n s i n , I l l i n o i s , Por t
W a s h i n g t o n to W a u k e g a n " provided depth and cross section d a t a .
A d d i t i o n a l s o u n d i n g i n f o r m a t i o n was t a k e n f r o m U .S . A r m y Corps o f
E n g i n e e r s Cha r t s and s o u n d i n g s p resen ted in the A r g o n n e s t u d y
(1979) .

Transpor t between segmen'ts represented both a d v e c t i v e and
d i s p e r s i v e p h e n o m e n a . A p p r o x i m a t e l y . 09 m /sec (3 c f s ) ,
r ep re sen t ing the known cool ing water w i t h d r a w a l f r o m the H a r b o r ,
was d i rec t ly t ransported f rom the eastern boundary of the model
in to the H a r b o r . This wa te r was then w i t h d r a w n f r o m the i n n e r
H a r b o r and d i s c h a r g e d back into Lake M i c h i g a n and r o u t e d ou t the
southern boundary of the mode l . No other s i g n i f i c a n t con t inuous
inpu t s or w i t h d r a w a l s of wa te r were inc luded or are k n o w n to
ex ist .

The h o r i z o n t a l d i s p e r s i v e t r anspo r t c o e f f i c i e n t s used in the
model were obta ined using observed chlor ide and dye concentra-
t i ons in the water c o l u m n . I n f o r m a t i o n on the analys is of these
da ta is p re sen ted be low.

Total suspended sol ids and total PCS w e r e also m o d e l e d .
Because the adso rp t i on -deso rp t i on processes a re r a p i d , r e l a t i v e
to other react ions and the t ime scale of the t ransport phenomena ,
i t is possible to m a k e a "local e q u i l i b r i u m " a s s u m p t i o n , i . e . the
two phases of PCB, dissolved and p a r t i c u l a t e , come to chemica l
e q u i l i b r i u m a l m o s t i n s t a n t a n e o u s l y w h e n c o m p a r e d t o o t h e r
p h e n o m e n a . C o n s e q u e n t l y , g i v e n the to ta l PCB and suspended
s o l i d s c o n c e n t r a t i o n s , i t i s poss ib le u s i n g a p a r t i t i o n
c o e f f i c i e n t , a , to c a l c u l a t e the d i s so lved and p a r t i c u l a r PCB
c o n c e n t r a t ion .

T h u s , C = C ( —— ± —— ) and (1)
1 + an

w h e r a : C = T o t a l PCB ( u g / l )

CD = Disso lved PC3
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Cp = Particulate PCS (ug/1)

m = Suspended Solids (g/1)

a = Partition coefficient (yg PCB/g SS per gg PCB/1)

The kinetic structure of this model is the sane as the one
used to describe the spatial distribution of PCS in the Hudson
River (Hydroscience, 1978). In the case of Hudson River, the
field data indicated a range of 53-5CO y g/g per ug/l for the
partition coefficient.

Model Calibration

For a mathematical model to be a useful tool, it must
simulate, with some degree of accuracy, the complex series of
physical, chemical and biological interactions which characterize
the system. To ensure this accuracy with regard to the physical
transport of materials, a calibration of the transport regime of
the system is undertaken. This can best be accomplished using a
conservative substance, i.e., a material which undergoes little
or no reaction, as a tracer. Gradients of such substances, since
they are unaffected by reactions, permit the refinement of the
advective and dispersive transport characteristics of the system.

Calibration of the hydrodynamic transport portion of the
model was accomplished using several sets of chloride data.

A relatively large gradient in chloride concentration exists
between the inner Harbor and Lake Michigan. At times, the
concentrations observed in the inner Harbor are almost double
that measured in the Lake. The source of these chlorides is noc
.known, although road deicing may be responsible for the very high
values periodically observed as in February 1977 (Figure 29).

Two sets of chloride data, both collected during the E/iCOTEC
surveys in 1977, were used initially to select coefficients.
Since the source of the chlorides is unknown, an a r b i t r a r y
selection of loads to the inner Harbor and of Lake Michigan
boundary concentrations were made. These, along with the
dispersive transport coefficients, were then adjusted until tne
results calculated by the model reasonably simulated the observed
c tTi ~ a .

The results of. this steady-state calibration are shown ir.
Figure 28. In both the February and the April 1977 calibrations,
the transport regimes are identical, only the loadings have been
cha nged .
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Advective transport was included and represented the -,only
known source or sink of water in the harbor, less than 0.1 m /sec
of cooling water withdrawal by OMC. Sensitivity analyses
indicate that the model is insensitive to the absolute magnitude
of this number at the levels believed to exist in the Harbor.

A third set of chloride data was also evaluated. These data,
collected during a portion of the daily survey period, are shown
along with the gradient calculated by the model in Figure 29.
Again, only the loadings were changed; the exchange coefficients
are identical to those obtained in the preliminary calibration.
Agreement between the observed and calculated profiles is good.

Only the data collected during the period from May 2nd to iMay
9th was included in this latter calibration. As shown in Figure
30, two relatively steady state periods exist -during the period
from May 2nd to May 19th. The first exists through May 8-9 and
is characterized by relatively high chloride concentrations in
the inner Harbor. The second, starting on May 12th exhibits much
lower concentrations in the inner Harbor. These two steady-state
periods are separated by a transition period of three to four
days. While a time variable simulation of this occurrence could
have been performed, little useful information would have been
gained since, among other things, the exact nature of the source
of chlorides is unknown. As indicated earlier, the relatively
abrupt decrease in concentrations of chlorides and PCB is
believed to be caused by the flushing out of the Harbor by Lake
Michigan water containing a low level of these constituents.

Because of the arbitrary nature of the loadings used in the
chloride calibrations, a further effort was made to evaluate the
validity of the transport regime selected. A dye release study
was conducted by Argonne in early June 1979. A known mass of dye
•was released in the inner Harbor. The model, using the transport
coefficients obtained during the chloride calibrations, was run
in the time variable mode. The results of the simulation, in
whicn 233 g of dye was released at the end of the day on June
4th, are shown in Figure 31. The agreement between the observed
dye concentrations and those calculated by the model over the
course of one week is very good.

Or, the basis of the three chloride calibrations and of the
simulation of the dye release, the transport regime of the mod^l
appears to simulate the prototype quite well. Figure 32 presents
graphically the horizontal exchange along the centerline of the
Harbor arrived at by the calibration.

Cnce the transort phenomena were c a l i b r a t e d using the
chlorides and dye 'study data, calibration procedures were
undertaken for the kinetic portion of the model. Total suspended
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solids collected during the daily surveys were used to define the
settling/resuspension phenomena. Figure 33 shows the total
supsended solids calibration. The calculated line reproduces the
shape of the observed profile and is generally within one mg/1 of
the mean of the observed data and is well within one standard
deviation of the data at each station.

The calibration procedures of the kinetic framework were
completed using the available water column and sediment PCS data.
Figure 34 presents a comparison of the calculated concentrations
and that data collected during the daily surveys. Agreement is
good both with regard to shape and magnitude of the profiles.

As shown in Figure 35, the particulate PCB data collected
during the weekly cruises also compare favorably with the
calculated line except at station Hll where the calculated value
is slightly higher than the observed data. Figure 36 compares
the calculated profile with sediment PCB data collected over a
three year period. Agreement between the calculated and the
observed is good.

Because a limited number of particulate and dissolved PC3
measurements were available and because of the wide range and
uncertainity associated with this small data set, a comparison of
calculated and observed dissolved PCB concentrations was also
made on a percent of total PCB basis rather than on an absolute
concentration basis alone. This comparison is shown in Figure
37. A similar comparison is made for particulate PC3 in Figure
38. In the inner Harbor more of the PCB is in the dissolved
phase than associated with the suspended solids. Near the mouth
of the Harbor, the converse is true. This reversal in
predominance is caused by the difference in suspended solids
concentrations between the two regions. Near the mouth of the
Harbor, the suspended solids concentrations are h i g h e r .
Consequently, there are more solids for the PCS to be associated
with under equilibrium conditions. This reversal is reflected in
the model results.

Figure 32 presents the horizontal and vertical transport
characteristics used in the calibration. In ail of these
comparisons, it should be noted that the depth of the well mixed
sediment available for resuspension, the resuspension velocity,
and the vertical settling velocity are all parameters that are
subject to wide variability. The choice of the parameters shown
in Table II represented the best set of parameters, but not
necessarily the unique set, that reproduces the data. Other
combinations of parameters could provide similar agreement. For
example, the selection of the sediment bed depth of 23 cm was
some-.vr.at arbitrary because comprehensive core data were not
available for an adequate description of the total PCB depth
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TABLE II

Parameter/Coefficient_____

Horizontal Exchange

Sediment Scour

Partition Coefficient 'a'
(ug/g T ug/1)

Settling Velocity - (m/day)

Sedimentation Velocity - (m/day)

Decay Rate /(day"1)

Evaporation (m/day)

Porosi ty

W a t e r C o l u m n

See F igu re

None

250

1.0

None

0 .0

0.0

1.0

S e d i m e n t L a v e r

None

See F i g u r e 26

250

None

481 x 10"

0. 0

0. 3

0 . 6 6 7

*Dependent on sediment depth selected.



profiles which presently exist in the sediment bed. Consequent-
ly, the sedimentation velocity cannot be uniquely specified which
in turn precludes selecting a model sediment bed depth which is
compatible with the time scales under evaluation. Since recent
data are unavailable, a bed depth of 20 cm was selected. This
then defined the sedimentation velocity. While this problem has
little or no impact on analyses performed in the water column, an
evaluation of the long term (years) fate of PCB in the bed
sediment is not possible.

On the basis of the calibration, it is felt that the model
reproduces the observed distributions of PCB reasonably well and
is an adequate representation of the prototype, especially with
regard to the water column.
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S E C T I O N 7

M A T H E M A T I C A L M O D E L OF THE NORTH DITCH

In o r d e r to q u a n t i f y the impac t of the P C B - c o n t a m i n a t e d
s e d i m e n t s of the N o r t h Di tch on Lake M i c h i g a n , a m a t h e m a t i c a l
model fo r the N o r t h D i t c h was p r e p a r e d . The model c o n t a i n s the
same k ine t i c s for PCB as the model of the Waukegan Harbor (see
Section 7) . The geomet ry and t ranspor t , howeve r , have been
changed to r e f l e c t the c h a r a c t e r i s t i c s of the N o r t h D i t c h .
F i g u r e 39 shows the s e g m e n t a t i o n of the d i t c h for the purposes of
the mode l .

The data b a c k g r o u n d on which the model c a n . b e c a l i b r a t e d is
very l imi t ed . There are only two occasions March 30, and A p r i l
11-12, 1979, for which there are spatial data and then only for
the ex t reme u p s t r e a m and d o w n s t r e a m ends of the D i t c h . Because
of the p r e v a i l i n g b a c k w a t e r c o n d i t i o n a t the d o w n s t r e a m end , the
A p r i l 11-12 event r e q u i r e s a m o r e de ta i led a n a l y s i s for w h i c h
t ime did not p e r m i t .

The model was f i r s t applied to s imula te the June to October
d a t a on a s t eady s ta te basis . The average m e a s u r e d f l o w of 0 . 4 6
cfs was used and the val ue^ of the ve r t i ca l exchange ( s c o u r ) were
set to the s a m e , (1-3x10 m/d) , va lues of the inne r Harbor ( S l i p
33) segments in the s teady state s imula t ion of the H a r b o r . S ince
there were no loads the model is d r i v e n by the c o n t a m i n a t e d
s e d i m e n t of the bot tom. The degree of con tamina t ion used in th is
s i m u l a t i o n was the PCB c o n c e n t r a t i o n in the f i r s t 1-foot s e d i m e n t
l aye r ( E N C O T E C , 1 9 7 7 ) . The g rab s u r f a c e samples were not used in
t h i s s teady s t a t e s i m u l a t i o n because the e f f e c t o f the s t o r m s
•be tween the t ime of col lec t ion of those samples ( J u n e 1976) and
the s i m u l a t e d per iod ( June to October 1979) is most l i k e l y to
have a l tered r a d i c a l l y the top s u r f a c e of the sed iment r a c h e r
t h a n 1 foo t d e e p l aye r of i t . Al l PCB b o u n d a r y c o n d i t i o n s w e r e
se t to z e r o . The d i s p e r s i o n c o e f f i c i e n t w h i c h i s a m e a s u r e of
the e x c h a n g e b e t w e e n the d i t c h and the l a k e was assumed to be the
same in the d i t c h and h a r b o r m o d e l . The lake PCB c o n c e n t r a t i o n
w.?.s set to z e r o . The ca lcu la ted f l u x of PCB f r o m the d i t c n co
t n e l a K e w i l l t h e r e f o r e b e somewha t c o n s e r v a t i v e . T h e r e m a i n d e r
of t he p a r a m e t e r s a r e g i v e n i n Table I I I .

The c o m p a r i s o n b e t w e e n the c a l c u l a t e d and obse rved v a l u e s of
suspended solids and
end a re g i v e n be low:

total PCB c o n c e n t r a t i o n a t the d o w n s t r e a m

S u s p e n d e d Sc i ids ( m g / 1 )

To:al PCB ( y g / 1 )

Observed

6.5 + 2.7

6 .95 + 1.54

C a l c u l a t e d

6. /
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TABLE III

Parameter/Coefficient

Horizontal exchange-(m/d)

ng/g
Partition Coefficient(———)

wg/1

Settling Velocity - (m/d)

Sedimentation Velocity - (m/d)

Decay Rate (1/d)

Evaporation (m/d)

Porosi ty

Water Column Sediment Layer

410 None

250

.3

None

None

None

1.0

250

None

481X10'5

None

None

0.55



The f l u x of the PCS Co the l a k e can a lso be c a l c u l a t e d as .92
Ib/d ( . 0 0 9 k g / d ) or for the June to October pe r iod .02 Ib/d x I S C J d
= 3 Ib or 1.4 kg of PCB t r a n s p o r t e d to the L a k e on the a v e r a g e .

As in the case of the h a r b o r , the model was used to s i m u l a t e
a h i g h r u n o f f even t . The i n c r e a s e d scour was r e f l e c t e d by
increas ing the value of the ve r t i c a l exchange ( s c o u r ) by one
orde r of m a g n i t u d e . The i n c r e a s e d r u n o f f f l o w was se t a t 1 /5 cfs
w h i c h was the " ave rage" f l o w d u r i n g the M a r c h 33, 1979 even t .
The r e m a i n i n g pa rame te r s r e t a ined the i r p rev ious va lues . The
resu l t s o f the s i m u l a t i o n a re shown in F i g u r e 43 . I n s o f a r t h a t
the spat ia l coverage of the da ta is qu i t e sparse , and tha t the
event is t rea ted as a s i ng l e cons tan t event d u r i n g the t i m e of
r u n o f f , t he v a l i d a t i o n o f mode l may be l a c k i n g in r i g o r .

A t i m e v a r i a b l e s i m u l a t i o n of the M a r c h 30, 1979 even t was
also per fo rmed and the resu l t s are shown in F i g u r e 41. In F i g u r e
41A the d i s c h a r g e at the Foo tb r idge was represented by a 2-hour
s t o r m d i s c h a r g e of 4 cfs w h i c h was then reduced to 0.5 c f s . The
scour was increased by a f ac to r of 500 and the se t t l ing ve loc i t y
by a f ac to r of 10 r e l a t i v e to t h e i r v a l u e s of the s teady s t a t e
s i m u l a t i o n . T h i s i s c o n s i s t e n t w i t h the f ac t t h a t d u r i n g a
strong s torm event , the s h e a r i n g stresses at the sed iment wate r
i n t e r f a c e increase so as to cause the r e suspens ion of s e d i m e n t
w i t h large par t i c le - s ize d i a m e t e r s which in t u r n have h i g h e r
se t t l i ng v e l o c i t i e s . In v i e w of the f ac t tha t t he re w e r e no
p a r t i c l e s ize f r a c t i o n a t i o n ana lyses p e r f o r m e d on the suspended
solids data the values of the set t l ing veloci t ies should be
v i e w e d as ave rage v a l u e s a p p l i e d to the a g g r e g a t e of suspended
solids. In that sense, the increase in the set t l ing v e l o c i t y for
M a r c h 3B, 1979 t i m e v a r i a b l e s i m u l a t i o n can be i n t e r p r e t e d as a
s h i f t i n g t o h i g h e r v a l u e s o f t h e a v e r a g e d i a m e t e r o f t h e
suspended solids a g g r e g a t e . F igu res 41B and 41C show the model
c a l c u l a t i o n w i t h the a v a i l a b l e suspended so l ids and to t a l PC 3
c o n c e n t r a t i o n s a t t he F o o t b r i d a e .
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SECTION 8

PRESENT DISCHARGE OF PCB FROM HARBOR AND DITCH TO THE LAKE

Harbor

The h y d r o d y n a m i c t r a n s p o r t r e g i m e was es tab l i shed by the
c h l o r i d e a n d d y e s t u d y c a l i b r a t i o n s . T h e d i s p e r s i v e f l o w
predomina tes and is equ iva len t to app rox ima te ly 4 m^/sec at the
mouth of the H a r b o r . This exchange represents the movements of
wa te r p roduced by wind d r i v e n c u r r e n t s , t ida l e f f e c t s , e tc . W h e n
compared to the d i spe r s ive . t ranspor t , the impact of an a d v e c t i v e
f l o w of less than 0.1 m /sec r e s u l t i n g f rom cooling w a t e r
w i t h d r a w a l s is i n s i g n i f i c a n t .

When the e q u i v a l e n t d i s p e r s i v e f l o w i s combined w i t h the
g r a d i e n t of PCB at the m o u t h of the h a r b o r , as shown in F igu re
34, the t ranspor t of PCB is calculated to be 4 k i log rams per year
out of the Harbor while the net f l ux of suspended solids is
a p p r o x i m a t e l y 4 6 0 , 0 0 0 kg /year into the H a r b o r . I t should be
pointed out tha t the d i r e c t i o n of the ne t f l u x of suspended
sol ids ( i n t o the H a r b o r ) i s in agreement w i t h ac tua l c o n d i t i o n s
observed in Waukegan Harbor since per iodic d redg ing mus t be
per fo rmed to m a i n t a i n channel depths. As ind ica ted ea r l i e r
d u r i n g d i scuss ion of the k i n e t i c c a l i b r a t i o n , the total e x c h a n g e
of PCB be tween the H a r b o r and the Lake is about e q u a l l y d i v i d e d
between dissolved and pa r t i cu la te forms. These f luxes are
presented schemat ica l ly by Figure 42.

F i g u r e 43 shows a map of the a rea wi th c o n c e n t r a t i o n c o n t o u r s
r e p r e s e n t i n g model c a l c u l a t i o n s of present c o n d i t i o n s . From

. t h i s , and as ind ica ted by the calculated net f l u x of PCB out of
the H a r b o r , i t is apparen t that the "sphere of i n f l u e n c e " of
W a u k e g a n H a r b o r ex t ends ou t in to Lake M i c h i g a n fo r some d i s t a n c e .
For e x a m p l e , the r e g i o n enclosed by the .020 w g/1 c o n t o u r cou ld
r e s u l t in f i sh PCB concen t ra t ions of grea ter than 5 jg /g based on
the bioacc u/n u l a t i o n f a c t o r ob ta ined in section 9.

I t a p p e a r s t h a t , p e r i o d i c a l l y , c o n d i t i o n s o c c u r w h i c h
e s s e n t i a l l y f l u s h ou t the H a r b o r . Such a pe r iod may h a v e been
o b s e r v e d i n m i d - M a y 1979 w h e n , a s i n d i c a t e d e a ' r l i e r , t h e
c o n c e n t r a t i o n of c h l o r i d e s and PCB dropped d r a m a t i c a l l y over a
f o u r day p e r i o d . Based upon the mass in the H a r b o r a s soc i a t ed
w i t h the c a l c u l a t e d p r o f i l e shown in F i g u r e 34 and a s s u m i n g a
" f l u s h o u t " occurs as f r e q u e n t l y as every two weeks , such
phenomena wou ld r esu l t in the release of an a d d i t i o n a l 5 to 6
k i l o g r a m s of to ta l PCB per year to Lake M i c h i g a n . I t i s l i k e l y ,
t h e r e f o r e , t h a t W a u k e g a n H a r b o r p r e s e n t l y accounts f o r a l o a d i n g
to Lake M i c h i g a n of abou t 10 k i l o g r a m s per y e a r .

I t can be h y p o t h e s i z e d t h a t , p e r i o d i c a l l y , s to rms or o the r
t::; er>. cr.ena occur w h i c h c a u s e d i s t u r b a n c e s in the w a t e r c o l u m n
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which result in greatly increased resuspension. A simulation of
such a disturbance was performed. Resuspensior was increased,
everywhere in the study area, for one day by an order of
magnitude from that used in the final calibration. This might ba
similar to the impact of a storm on the water column. The
results of this simulation, presented in Figure 44, show that
there is little impact upon suspended solids concentrations in
the inner Harbor during the storm. An increase in suspended
solids in the Harbor is not produced until several days after the
storm when increased solids levels in the Lake are transported
i nto the Harbor .

The impact of the "storm" on PCS concentrations in the inner
Harbor, however, is marked. Nevertheless, the mass of PCB which
is discharged to the Lake is small. The large increse in PCB
concentration in the inner Harbor produced -by the storm is
greatly reduced through settling by the time the mouth of the
Harbor is reached. Consequently, only additional tenths of
kilograms of PCB are discharged to Lake Michigan from the Harbor
due to such occurrences.

The modeling framework can be used to also estimate the
relative amount of PCB that may have been discharged to the Lake
when PCB's were being used in the CMC plant approximately during
1955-1971. A simulation was therefore performed under the
conditions of suspended solids and bed sediment transport during
the calibration tests discussed in Section 7. A fixed discharge
PCB load of a constant yearly input was used in the model. This
is in contrast to the present situation where the only onput is
grom the contaminated sediment. The constant external load was
used to determine the fraction of a given amount of discharged
PCB that entered the sediment and the fraction that was
discharged to the Lake. The result of this simulation indicated
that during the time of PCB discharge to the Harbor by the plant
approximately 33% escaped to the Lake and about 62% was
transported to the sediment. It should be noted that these
percentages do not take into account events that may have
occurred during the actual discharge such as aggregation of ?C3
in globules whose transport may be different than the one
attributed to PCB in this report. These results are utilized in
Sect: or. 11.

From the steady state and time variable simulations for the
Nortn Ditch, it becomes apparent that a reasonable estimate of
PCB discharge from the ditch to Lake depends on an analysis of
the frequency of the storm events.

Frequency of Storm Events. It is important to recognize tr.at
various rainfall events may occur that can lead to relatively
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high
c

volumes of runoff to the Ditch and result in elevated levels
or discharge from the Ditch to the Lake. Likewise, an estimate
of the expected frequency of occurrence of the event of March 30,
1979, is important since it will help to position that event in
the spectrum of possible events that could occur in the North
Di ten area .

The basic approach to estimating the frequency of storm
events is reviewed in EPA (1976) and draws on some basic
statistics related to rainfall events. The statistics are shown
in Figure 45. As seen, information on rainfall intensity (in/hr
or cm/hr) , the duration of the storm event (hrs) and the interval
between events (days) are all important quantities. Other
statistics estimated for Waukegan, for Milwaukee and Chicago are
given in Table IV. In addition to the statistics, the mean
interval between storm events for the Waukegan area can be
estimated at about 3 days, i.e., there are about 120 events/year
on the average. This is consistent with the data for 1979 in the
North Ditch which indicated that from June - October, there were
48 days of events which is approximately equivalent to 120 events
for the entire year.

The average runoff volume
rainfall-runoff relationship

per event can be estimated from the

VR = 3630 CyVA

where VR is the volume of runoff
runoff estimated from the 1979
drainage area (acres; North Ditch
volume of rainfall (in) given by

ft3), C
fc vda ta a

at about

is the coefficient of
about 0.4), A is the
65 acres) and V is the

V = I ' D

where I is the average i n t e n s i t y ( i n / h r ) D is the average s t o r m
d u r a t i o n ( h r ) and I and D are assumed i n d e p e n d e n t . For the
a v e r a g e i n t e n s i t y d u r i n g 1979, t h e a v e r a g e v o l u m e o f r a i n f a l l i s
J . 33 i n / e v e n t . The a v e r a g e v o l u m e of r u n o f f then i s g i v e n by

VR = 3633 ( 0 . 4 1 ) ( 0 . 3 8 ) ( 6 5 )

= 3 8 7 6 0 f t 3 ( 1 0 4 1 m 3 )

T h i s is e q u i v a l e n t to a r u n o f f of about 3 .45 cfs over a day u s i n g
t h e r a i n f a l l - r u n o f f r e l a t i o n s h i p discussed p r e v i o u s l y . O t h e r
e s t i m a t e s o f r u n o f f v o l u m e a n d f l o w us ing t h e r a i n f a l l s t a t i s t i c s
of Table IV a re g i v e n in Table V .

T h e q u e s t i o n n o w i s " H o w m a n y e v e n t s o f a g i v e n m a g n i t u d e o f
v o l u m e of r u n o f f _?.n be expec ted in an ave rage y e a r ? "
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TABLE IV

RAINFALL STATISTICS OF SIGNIFICANCE TO WAUKEGArJ AREA

Precipitation (in) Waukegan ̂  ' Chicago <2 ' Milwaukee ^2

Mean Annual 30

Maximum Annual 42

Annual ^25% of time 35

Max imum 1 hr . 2.8 . 2.2

Maximum 24 hr. 6.2 5.8

(1) Linsley, R.K. et.al., 1958. Applied Hydrology. McGraw Hill
Book Company, N.Y., N.Y., 340 pp. - approximate estimate.

(2) Todd , O.K., 1970. The Water Encyclopedia. Water Information
Center, Port Washington, N.Y., 559 pp.



TABLE; v

RUNOFF VOLUME AND FLOWS FOR DIFFERENT RAINFALL EVENTS

Rainfall Volume of Runoff Flow
Rainfall Event in/day Runoff 1000ft cfs____

Maximum 24 hr . 6.0 612 7

Max imum 1 hr. 2.5 242 66

Mean 24 hr. 0.38 39 0.4



The e s t i m a t i o n of the f r e q u e n c y d i s t r i b u t i o n of the number of
even ts o f a g i v e n m a g n i t u d e o f r u n o f f v o l u m e depends on an
e s t i m a t e o f the r a t i o o f s t a n d a r d d e v i a t i o n o f the r a i n f a l l
volume to the m a a n vo lume . This has been chosen as a volume of
one since t r i a l c a l c u l a t i o n s i n d i c a t e d tha t such a v o l u m e w o u l d
conserve the total vo lume of r u n o f f expected t h r o u g h o u t a y e a r .
Following EPA ( 1 9 7 6 ) , F igures 46 and 47 can be cons t ruc t ed . As
s h o w n , u n d e r the a s s u m p t i o n o f s t a n d a r d d e v i a t i o n / m e a n o f 1.0,
a p p r o x i m a t e l y 10 even t s /yea r would h a v e a v o l u m e of r u n o f f >_
8 9 , 5 0 0 ft ( 2 4 0 0 m ) and a f l o w M.2 cfs . If the f r e q u e n c y
d i s t r i b u t i o n i s a p p r o x i m a t e d by a d i s c r e t e d i s t r i b u t i o n , F i g u r e
47 indicates tha t one cou ld expect the mean r u n o f f v o l u m e o f
3 9 , 0 0 0 ft to occur about 30 t imes /year . A series of h igh r u n o f f
v o l u m e events would be expected to occur once each year and one
event of g r e a t e r than about 186,000 ft would be expected to
o c c u r . A to ta l r u n o f f v o l u m e o f 4 3 2 , 0 0 0 f f j ( 1 2 , 2 0 0 m j )
represents an a p p r o x i m a t i o n of the upper bound of an event to be
expected in any g i v e n y e a r . Note tha t th is i s a b o u t 73% of the
long term m a x i m u m d a i l y event (Table V) f rom about 63 years of
r e c o r d . This r u n o f f vo lume corresponds to a r u n o f f f l o w of abou t
5 .0 c f s . The r u n o f f f l o w o f 5 .0 c f s t h e r e f o r e r ep re sen t s an
event tha t is a m a x i m u m event for an average year and about 33%
of the abso lu te m a x i m u m d a i l y r u n o f f to be expected over a lona
pe r iod of t i m e . On the bas i s of th i s a n a l y s i s , a run of the
Nor th Di tch model was p r e p a r e d at 5 .0 cfs for one d a y .

The m a t h e m a t i c a l m o d e l , a s c a l i b r a t e d to the t i m e v a r i a b l e
M a r c h 30, 1979, event was t h e r e f o r e run w i t h a f l o w of 5. C cfs
for 24 hours . The exchange w i t h the lake was not changed. The
resu l t is shown in F i g u r e 48. As shown , t h i s c a l c u l a t i o n
i n d i c a t e s t ha t a mass of abou t 3 kg PCS would be re leased u n d e r

. the ss c o n d i t i o n s . H o w e v e r , one wou ld n o r m a l l y e x p e c t the
r e s u s p e n s i o n v e l o c i t y t o i n c r e a s e d u r i n g a m a x i m u m s t o r m even t
and c o n v e r s e l y one w o u l d also expect the s e t t l i n g v e l o c i t y of the
sol ids to inc rease . A s e n s i t i v i t y ana lys i s of the 5.3 cfs - 24
h o u r s t o r m w a s t h e r e f o r e i n d i c a t e d t o d e t e r m i n e i f t h e e s t i m a t e
of 3 kg w o u l d be m a r k e d l y a l t e r e d by d i f f e r e n t a s s u m p t i o n s in
resuspens ion and s e t t l i ng . The resul t of that ana lys i s i n d i c a t e d
t h a t i f t he s e t t l i n g were the same and the resusper.s ion w e r e
J o u b i e d r e l a t i v e to the s t o r m s i m u l a t i o n of F i g u r e 4 i . , tne
e s t i m a t e d PCS mass r e leased increases to 6 kg for such an e v e n t .
F u r t h e r i n c r e a s e in the r e s u s p e n s i o n i s no t w a r r a n t e d s ince such
s i m u l a t i o n s i n d i c a t e u n r e a s o n a b l y h i g h s u s p e n d e d s o l i d s
c o n c e n t r a t i o n s even a t e x t r e m e l y h i g h s e t t l i n g v e l o c i t i e s .

H o w e v e r , t h e s t e a d y s t a t e a n a l y s i s c a n p r o v i d e a n o r d a r o f
m a g n i t u d e c a l c u l a t i o n b a s i s t o e s t i m a t e t he PC3 m o v e m e n t o v e r t he
long t e r m . To get an u n d e r s t a n d i n g of the PC5 m o v e m e n t , a load
of 1J lo/d PC3 was i n t r o d u c e d i n t o seg . 2. The PC3 f l u x to tr.e



o
I
in

I
I-
Al

O
(£
O

UJ
tr
LL)
X
5
CO

u.o
or
UJ
CO
•5.

100
- — — 120 EVENTS/yr .

10 EVENTS HAVE VOL > 2400m3

0 > l . 2 c f sy-

STD. DEV
MEAN

= 1.0

4 5 6

( 1000 m' }
I

39 50 100 200
( 1 0 0 0 f t 3 )

R U N O F F V O L U M E

I
045 2 3

RUNOFF FLOW ( CFS
A P P R O X .
MEAN

FROM A R E A W I C £ A S S E S S M E N T
M A N U A L , £ P A

JOG

Figure 46. Estimated frequency distribution of
storm events for Waukegan Area

1C



IOOU

500

300

cr
>- 100

en
(- 50
2
U 30

UJ

u.o
CC 10
UJ
CD
2 c

/

TOTAL RUNOFF
VOL. ~ 3,200,OCOfl3

(90,000m3)

~ T

1

1

1 _,_

1 1

1 1

'
i l l ] -rTrr-nr T T T

1 1 1 1 1 n,| 1,1 | , |
i i i i i iin n i i i i

1 10 100
(1000 m3)

1 1 i

0

10 39 100
(1000 f t 3 )

RUNOFF VOLUME

[ 1
05 0.5 5

RUNOFF FLOW (CFS )
.0

f APPRO*
M E A N

Figure 47. Es t imate discrete approximat ion of
dist r ibut ion of I 20 events/year



in
u.
o

0.5 l-O 1.5
TIME ( D A Y S )

2.0 2.5

400

300

o>
5- 200
CO
o
Q.

100

0.5

MASS* 3.0 kg

i . O 1 5

TIME ( D A Y S )
2 o

Figure 48. S imula t ion of 5.0 CFS for 24 HR Storm
Event to North Di tch



LOW-FLOW, LOW-SCOUR

LOAD TO
NORTH DITCH

NORTH DITCH 29%
OF LOAD TO

NORTH DITCH

OF LOAD TO
NORTH DITCH

NORTH DITCH

SEDIMENT

HIGH-FLOW, HIGH-SCOUR

LOAD TO
NORTH DITCH

NORTH DITCH 52%
OF LOAD TO

NORTH DITCH

OF LOAD TO
NORTH DITCH

NORTH DITCH

SEDIMENT

Figure 49. Load transfer to ditch sediment and Lake Michigan
(Load in Seg. 2 )



SECTION 9

B I O A C C U M U L A T I O N OF PC3 ' 3

One of the m a j o r concerns of the d i scha rge of PCS' s to a
system such as W a u k e g a n Harbor is the potent ia l for a c e u m u l a t i o n
o f t h e c h e m i c a l b y t h e a q u a t i c food c h a i n a n d s u b s e q u e n t
p o t e n t i a l t r a n s f e r to man t h r o u g h i n t a k e o f c o n t a m i n a t e d f i s h . A
c o n s i d e r a b l e and g r o w i n g l i t e r a t u r e ex i s t s on the a c c u m u l a t i o n o f .
PC3' s by v a r i o u s a q u a t i c o r g a n i s m s . Thomann (1980a ) has c o m p i l e d
much of this l i t e r a t u r e w i th the spec i f i c a im of d e t e r m i n i n g the
r e l a t i ve amount of PCB that would be concentrated by an aqua t i c
organ i sm d i r ec t l y f rom the water and the a m o u n t - o f PCB that would
be accumula ted through ingestion of contamina ted prey. F i g u r e 50
t a k e n f r o m t h a t w o r k i n d i c a t e s t h e c o m p a r i s o n o f t h e s e
c o n c e n t r a t i o n f a c t o r s . The d a t a appear to i n d i c a t e a c l e a r
d i v e r g e n c e between the a m o u n t of PCB taken up f r o m the w a t e r o n l y
and tha t accumula t ed f r o m bo±h the w a t e r and the food c h a i n . At
organ i sm sizes of about 10 u m £3. 1 m) , the small f i s h , the
b i o a c c u m u l a t i o n fac to r is about 10 " u 9/9 ( d r y ) per ug /g ( w a t e r )
or about 4 t imes h igher than the factor f rom water a lone . The
d i f f e r e n c e i s a t t r i b u t e d to the p r e d a t i o n of cor. tam i n a n t e d p r e y ,
t h e l o w e x c r e t i o n r a t e o f P C B ' s a n d a h y p o t h e s i z e d h i g h
a b s o r p t i o n r a t e of PCB f r o m the food .

The scatter in the data ind ica te a range of a c c u m u l a t i o n
f ac to r s depending on the species of the aquat ic ecosystem. If
smal l f i s h ( < 3 0 0 mm) are used for W a u k e g a n H a r b o r in a s i m p l e two
level food c h a i n , t h e n an a p p r o x i m a t e e s t i m a t e o f t he b i o a c c u n u -
l a t i o n f a c t o r i s abou t 630 u g / g per u g / 1 PCB d i s s o l v e d in tne

• w a t e r c o l u m n . A p p l y i n g t h i s f a c t o r to the r ange of d i s s o l v e d PCB
discussed in the preceding sect ion permi t s the c a l c u l a t i o n of the
f i s h PCB c o n c e n t r a t i o n r ange . This ca lcu la t ion is shown in
F i g u r e 51 w h e r e i t should be noted that the r ange is o n l y
j p p r o :< i.Tia t e and may v a r y d e p e n d i n g on the a c t u a l e c o s y s t e m
s t r u c t u r e and the a c t u a l d i s so lved PCB levels a v a i l a b l e . fo r
u p t a k e . Some d a t a co l lec ted o n f i s h body b u r d e n d u r i n g A u g u s t
I S ^ a a re also i n d i c a t e d on the p l o t . The da ta a re p lo t t ed a t the
m i d - p o i n t of the a reas where the f i s h we re co l l ec ted . As car. be
seer., the ca l cu la t ed range incorpora te s the b u l k of the observed
d a t a . Of the th ree lower v a l u e s , one represents P C B ' s in the
a l e w i f e w h i c h m a y h a v e m i g r a t e d i n t o t h e H a r b o r f r o m t h e L a k e .
The open L a k e r a n g e is i n d i c a t e d as 1-13 u g / g . The c a l c u l a t i o n
i n d i c a t e s t ha t t h e e x p e c t e d body b u r d e n o f P C B ' s m a y r a n g e f r o m
a b o u t 100 u g / g to about 5 u g/g for the smal l f i s h . The p r e s e n t
o p e r a b l e Food and Drug A d m i n i s t r a t i o n Section level for the
ed ib le p o r t i o n of f i s h is 5 u g / g and a proposed , but postponed
l eve l is 2 u g / g . It s h o u l d be no ted tha t the da t a PC3 body
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burdens are given on a whole-body basis whereas the FDA levels
are given on an edible portion b^jsis. The present levels of PCS
in Waukegan Harbor therefore result in concentration in the fish
that exceed FDA levels by a factor of at least 10 for significant
regions of the Harbor. Additional data on the PCS concentration
in resident and migrating fish should be collected, however, to
further confirm this conclusion.
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SECTION 12)

PCS PRODUCT LOSS AND F L U X TO L A K E M I C H I G A N D U R I N G UGE OF PCS

An i m p o r t a n t aspect o f the e n t i r e q u e s t i o n o f the d i s c h a r g e
of PCB is the f r a c t i o n of the a m o u n t of PCB tha t was p u r c h a s e d
that was lost to both Waukegan Harbor and the N o r t h D i t c h .
Although this product loss could be est imated f rom c o n s i d e r a t i o n
r e g a r d i n g the use of the purchased PC3 in the i n d u s t r i a l p l a n e
i t s e l f , a c o m p u t a t i o n is presented here that e s t ima tes the
p r o d u c t loss to the H a r b o r / D i t c h system as well as the loss to
Lake M i c h i g a n d u r i n g the t ime of PCB use.

F i g u r e 52 shows the p r i n c i p l e components of - the f a t e of PCBs
in the Ha rbo r /D i t ch system. Of the total q u a n t i t y of PCB
purchased , a f r a c t i o n was discharged to the Harbo r and D i t c h .
The sediment of these two water bodies t h e r e f o r e represents a
deposi t of PCB re su l t i ng f rom the long term d i s c h a r g e . The
c o m p u t a t i o n a l scheme d i s c r i b e d e a r l i e r in the sec t ions in the
m a t h e m a t i c a l model of the H a r b o r and D i t c h p e r m i t s one to
c a l c u l a t e the p e r c e n t a g e o f t he amoun t d i s c h a r g e d t h a t e n t e r e d
the Lake and c o n v e r s e l y the a m o u n t tha t en te red the s e d i m e n t .
W i t h the e s t ima t e s of the PCB in the sed imen t and the f r a c t i o n of
the amount d ischarged that found its way to the s e d i m e n t , an
es t imate can be made of the moss of PCB that was d i s cha rged
d u r i n g usage. If the total q u a n t i t y of PCB that was purchased is
known then an e s t i m a t e can be m a d e of the p e r c e n t a g e of p u r c h a s e d
PCB tha t was d i s c h a r g e d to the H a r b o r / D i t c h system.

T h e r e f o r e , p r i o r to m a k i n g an e s t i m a t e of the PCB l o a d i n g to
e i t h e r t h e N o r t h D i t c h , W a u k e g a n H a r b o r o r e v e n t u a l l y L a k e
M i c h i g a n , an e s t i m a t e of the PCB-product usage by the O u t b o a r d
M a r i n e C o r p o r a t i o n must be m a d e . Table VI g ives the e s t ima ted
yea r ly usage of v a r i o u s PCB and non-PCB m i x t u r e s as o b t a i n e d f r o m
p l a n t i n f o r m a t i o n . F i g u r e 53 is a t empora l plot of the sane
d a t a . A s s u m i n g t h a t t h e type o f p r o d u c t used d u r i n g 1955-1953
c o n t a i n e d PCB, then the to ta l P C B - c o n t a i n i n g usage fo r 1955-1972
a m o u n t e d t o 1 1 , 6 6 0 , 0 0 9 I b s ( 5 , 2 9 4 , 7 0 3 ) k g . I f t h e u n k n o w n t ype
i s e x c l u d e d , the usage of PC3-conta i n i n g p r o d u c t fo r 1959-1972 i s
9 , 5 5 0 , J 3 D I b s ( 4 , 3 4 1 , 3 0 3 k g ) . T h e a v e r a g e a n n u a l t o t a l P C B
p r o d u c t usage for 1955-1970 is 7 2 4 , 0 0 0 Ibs/yr ( 3 2 3 , 7 0 3 kg . /y r ) as
shown in F i g u r e 53.

The m o d e l i n g c a l c u l a t i o n s fo r t he H a r b o r and D i t c h can be
e x a m i n e d t o d e t e r m i n e t h e r e l a t i v e f l u x d i s c h a r g e t o t h e Lake
f r o m e i t h e r t h e H a r b o r o r D i t c h . F o r t h e l a t t e r , t h e l o w - f l o w ,
l o w - s c o u r i n g case can be c o u p l e d w i t h the d i s c h a r g e i n t o S l i p «f 3
of the H a r b o r . For e x a m p l e , i f one cons ide r s the f l u x f r o m trie
H a r b o r to be due to a d i s c h a r g e i n t o s l i p # 3 a n < J the f l u x f r o m
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TABLE VI

ESTIMATES OF CMC PCS

USAGE DURING 1950'S-l970'3

Total Usaae

Y e a r

1955
1956
1957
1958
1959

1960

1961

1962
1963
1964
1965
1966
1967
1968
1969
1970

1971

1972

Type IDS

Not k n o w n
Not known
Not k n o w n
Not known

F9
A200

F9
A 2 0 0

F9
A 2 0 0

A200
A 2 0 0
A 2 0 0
A 2 0 0
A 2 0 0
A200
A 2 0 0
A 2 0 0
A 2 0 C

A-200B
( T e r p h e n y l )

A 2 3 0
A-2003
( T e r p h e n y l )

A - 2 0 0 E ( " " )

kg

333 ,500
7 4 9 , 6 0 0
4 3 5 , 6 0 0
531, 400
539 ,400

10, 000
376,100
2 2 4 , 0 0 0
2 7 5 , 8 0 0
320, 500

5 7 0 , 0 0 0
598, 002
828,200
752, 300
7 0 9 , 7 0 0
851, 300

1 ,390 ,700
1, 123,900

9 1 4 , 2 0 0

10, 800
7 8 , 7 0 0

9 2 3 , 6 0 9
1 , 0 0 2 , 4 0 0

151,400
340,300
220,50U
241,200
244,900

4, 5C0
17C,7CO
1,41, 7uJ
125,220
145,5CO

253,ouS
271,5y0
376,303
341,502
322,200
385, 500
631,403
513,2UJ
415,000

4,9C0
35,700

419,300
455,100

Total of F9 , A 2 0 0 & U n k n o w n 11 ,662 ,300 5 , 2 9 4 , 7 - r ; c

To ta l o f F 9 , A 2 0 3 w / o 1955-58 9 , 5 6 2 , 3 0 3 4 , 3 4 i , 3 U J

A v e r a g e for 1955-1970 = 7 2 4 , 0 0 0 Ib /yr 3 2 8 , 7 0 0 k - j /y r



ANNUAL TOTAL USAGE OF PCB PRODUCT
(1,000 kg )
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the D i t c h to be due to a d i s c h a r g e i n t o segment 2 ( t h e crescent ) ,
t h e n the r e l a t i v e c o n t r i b u t i o n to the to ta l load to the l a k e can
be e s t i m a t e d . In the D i t c h c a l c u l a t i o n , i t was e s t i m a t e d t h a t
71S of the amount d i s cha rged was deposi ted in the s ed imen t w h i l e
24% was d i s c h a r g e d to the L a k e . For the H a r b o r , t he e s t i m a t e d
percen tages are 62% to the s e d i m e n t and 33% to the L a k e . I t
should be stressed aga in that these est imates are a p p r o x i m a t e
on ly and may v a r y c o n s i d e r a b l y depend ing on the f r e q u e n c y o f
v a r i o u s s to rm events and the f r e q u e n c y o f bo t tom s c o u r i n g o f
s e d i m e n t and r e l e a s e of PCB.

F i g u r e 54 shows the r a n g e of d i s c h a r g e to Lake M i c h i g a n of
the PCB load to the D i t c h - H a r b o r System. For e x a m p l e , i f the PCB
d i scha rge to the Harbor is assessed at 70% of the total to the
H a r b o r and the D i t c h ( the e n t i r e s y s t e m ) , then about 35% of the
t o t a l load would enter the L a k e . The total load l i n e covers the
percen tages be tween the 29% and 38% points . Thus no m a t t e r w h a t
the sp l i t t ing of the load between Di tch and H a r b o r , the load to
the L a k e c a n n o t exceed 38% and canno t be less than 29% of the
t o t a l load . The slope of the tota l load l ine however i n d i c a t e s
the sens i t i v i ty of the load to the Lake to the s p l i t t i n g of the
l o a d . For e x a m p l e , i f the l i ne of the total load is p a r a l l e l to
the h o r i z o n t a l a x i s the re would be on ly one poss ib le v a l u e fo r
the load to the Lake no m a t t e r what the sp l i t t ing of the to ta l
load between Ditch and Harbor m i g h t be.

The neces sa ry pieces of i n f o r m a t i o n needed to a r r i v e at an
est imate of the PCB product loss to the Harbor -Di tch complex and
L a k e M i c h i g a n as a f r a c t i o n of the total PCB p r o d u c t h a v e now
been deve loped and are l i s t ed in Table V I I .

The c a l c u l a t i o n proceeds as f o l l o w s . For e i t h e r the N o r t h
D i t c h or the H a r o o r , the d i s c h a r g e d load is compu ted as

PC3 Produc t Loss Load to H a r b o r / D i t c h =

p :3 mass i n s e d i m e n t o f H a r b o r / D i t c h
F r a c t i o n t r a n s f e r r e d to Kar oor/ Di ten

PC 5 d i s c h a r g e tD L a k e f r o m H a r b o r / D i t c h = PCB d i s c h a r g e to
Ho r cc : ,' Di ten - PCS Mass in s e d i m e n t of H a r b o r / D i t c h

Uze D i s c h a r g e d to H a r b o r / D i t c h =

PCB P r c d ' j r t Loss Load to H a r b o r / D i t c h
To t al PC5 PTcd uct Use

An e x a m p l e o f the c a l c u l a t i o n i s g i v e n us ing the D i t c h . The
"best e s t i m a t e " for the PCB in the s e d i m e n t is 2 7 7 , 3 6 3 kg. I t is
e s t i m a t e d tr.?.t a c o u t 71% o f ar.v l o a d t o t he C i t r h i s t r a n s f e r r e d
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TABLE VII

MIMMA R Y OF_I_H FOF< HAT ION FOR ESTIMATE OF DISCHARGED LOAD AS I OF USE

1 nl orrnsM on S^our^e Values

1. Total pen Product Use Plant. Records 5,300.000 kg; (11,660,000 Ibs)

?. PCB mass in Harbor sediment Field data analysis 207,100 kg; CJ56.200 Ibs)
(Hos t , High, low est imates) & calculation 3^3,300 kg; (756,200 Ibs)

75.600 kg; (166,800 Ibs)

•!. PCI', ma.ns in North Ditch sediments Field data analysis 277,'(00 kg; (611,000 Ibs)
(K-s t , Hijjh, b>w sediment) 4 calculation 527.500 ktf; (1.161,900 Ibs)

'19.800 kg; ( 109.700 Ibs)

'I. Harbor transfer parameters Harbor Math. Model
Fraction transferred to lake calibrated to field .38
Fraction transferred to sed data .62
(Harbor)

5. North Ditch transfer parameters North Ditch Math. Model
Fraction transferred to lake calibrated to field .29
Fraction transferred to data
sed (Ditch) .71

6. Duration Plant records 16 yrs.



to the s e d i m e n t and 29% is t r a n s f e r r e d to the L a k e . Then the
2 7 7 , 2 6 3 kg in the s ed imen t represents a

PCB P r o d u c t Loss to D i t c h = —————:——2. = 3 9 0 , 5 5 3 kg = 10 ,160 kg/

yr for 16 y e a r s .

Load f r o m Di tch to Lake = ( 3 9 0 , 6 5 3 - 2 7 7 , 3 6 0 ) kg = 113,290 kg

S i m i l a r l y , u s i n g t h e e s t i m a t e s f o r t h e P C B i n t h e H a r b o r
s e d i m e n t s , the PCB p roduc t loss load to the H a r b o r can be
c a l c u l a t e d . The resu l t s of these c a l c u l a t i o n s are shown on
Figures 55, 56 and 57. A s u m m a r y of the product loss and total
f l u x to Lake M i c h i g a n are g i v e n in Table VI.II f r o m which i t
f o l l o w s tha t the PCB produc t loss to produc t loss to the
H a r b o r - D i t c h system is es t imated at about 14% of the to ta l usage
of PCB product pu rchased . It amoun t s to about 7 2 5 , 0 0 0 kg or an
a v e r a g e r a te of 4 5 , 3 0 0 kg /y r for 16 y e a r s . D e p e n d i n g on the
range in the e s t ima te of the PCB mass in the s e d i m e n t , the
es t imated percent d i scha rged is f r o m 4% to 2 4 % . I t also fo l lows
f r o m F i g u r e 55 t ha t d u r i n g the d i s c h a r g e of PCB p r o d u c t , abou t 5%
of the total PCB p roduc t purchased en te red Lake M i c h i g a n . The
d i s c h a r g e to the lake is es t imated at a total of 2 4 0 , 2 2 3 kg or an
a v e r a g e r a t e o f 1 5 , 0 0 3 k g / y r f o r 1 6 y e a r s . T h e r a n g e i n t h e
es t ima tes shou ld be noted where an a p p r o x i m a t e o r d e r of m a g n i t u d e
v a r i a t i o n in the es t imate is ca l cu l a t ed . This is a d i r e c t
consequence of the u n c e r t a i n t y in the e s t i m a t e of the PCB mass in
the seaiment .

The e s t i m a t e d f l u x o f 15 ,000 k g / y r ( 3 3 , 0 0 0 Ib /y r ) to the l a k e
u n d e r the "best e s t i m a t e " d u r i n g the PCB p roduc t usage can be

. c o n t r a s t e d to the total present f l u x f r o m the H a r b o r / D i t c h
c o m p l e x a t a b o u t 10-20 kg /y r ( 2 2 - 4 4 I b / y r ) . T h e c o m p a r i s o n
i n d i c a t e s t h a t d u r i n g the t i m e o f FC3 use , the d i s c h a r g e to the
l a k e was p r o b a b l y a t least 130-1000 t imes g r e a t e r ' than , a t
"resent .
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TABLE VIII

SUMMARY OF F.STIMATF.S OF PRODUCT LOSS AND TOTAL FLUX TO LAKE MICHIGAN

Frac tion
i:;a PCB ( k g ) Transferred

to Se<) .

D i t c h Harbor D i t c h

7'),f; ' i f) '19.810 0.62 0.71

207.100 277.360 0.62 0 .71

'J,'i3.300 527,180 0.62 0.71

PCB
Product
Loss (kg)

Harbor

% of Total Total Flux to
Usage Dis- Lake Michigan
charged to (kg/yr)
Harbor +
Ditch

Di tch

122,000 70,110 3.6 1,200

334 .030 390,650 14 15.000

551,930 712.930 21 26.600



SECTION 11

S I G N I F I C A N C E OF H A R B O R / D I T C H D I S C H A R G E TO

L A K E M I C H I G A N - P R E S E N T AND D U R I N G USE OF PCB

It was indicated p rev ious ly that the es t imated present f l u x
of PCB f r o m the H a r b o r / D i t c h system to Lake M i c h i g a n is about
10-20 kg /yr (22-44 I b / y r ) . A t t i m e s , v a r i o u s s t o r m events may
i n c r e a s e th i s total by a n o t h e r 5-10 kg . In the pas t , h o w e v e r ,
based on the c a l c u l a t i o n s presented in Section 11, the d i s c h a r g e
f r o m the H a r b o r / D i t c h complex to the Lake may have ranged f r o m
about 4000 kg/yr to about 2 7 , 0 0 0 kg/yr . It is impor tan t to place
these es t ima tes of past and present d i scharges in to pe r spec t ive
by c o m p a r i n g the i n p u t d i s c h a r g e to o ther sources of PCB i n t o
Lake M i c h i g a n .

Var ious estimates of the present total PCB d i scharge to the
w h o l e o f L a k e M i c h i g a n h a v e b e e n m a d e ( e . g . , M u r p h y a n d
R z e s z u t h o , 1978) . The e s t ima tes depend p r i n c i p a l l y on the r a n g e
of PCB assumed for p r e c i p i t a t i o n to the L a K e . M u r p h y and
Rzeszutho (1978) g ive a range of 50-100 ng/1 in p r e c i p i t a t i o n and
i nd i ca t e that a p p r o x i m a t e l y 50% of the PCBs is in the fo rm of the
l ower A r o c l o r s such as 1242. S t r a c h a n and H u n e a u l t ( 1 9 7 9 )
r e p o r t e d a m e a n va lue of 21 ng/1 f r o m m e a s u r e m e n t of to ta l PCS
c o n c e n t r a t i o n in p r e c i p i t a t i o n in the G r e a t Lakes a r e a , no t
i n c l u d i n g Lake M i c h i g a n . For a range of concentra t ion of 20-100
ng/1, the PCB load f r o m p rec ip i t a t i on to Lake M i c h i g a n is about
900 to 4 6 0 0 kg/yr ( 2 0 0 0 - 1 0 , 1 0 0 I b / y r ) . Add i t i o n a l " i npu t s f r o m
dry d e p o s i t i o n and t r i b u t a r i e s to the Lake a re e s t i m a t e d to
accoun t for abou t 500-1000 k g / y r . The to ta l p resen t load
t h e r e f o r e to Lake M i c h i g a n is about 1403-5600 kg/yr of to ta l PCB.

. If it is assumed that about 50% of the p rec ip i t a t ion load is in
the f o r m of . the lower A r o c l o r s then the present i npu t of those
A r o c l o r s t o L a k e M i c h i g a n f r o m p r e c i p i t a t i o n above i s a b o u t 450
to 2 3 3 0 k c / y r . A c o m p a r i s o n of these ranges to the past and
pre sen t i n p u t s is shown in F i g u r e 58.

The c o m p a r i s o n i n d i c a t e s t h a t the present f l u x f r o n the
H a r b o r / D i t c h c o m p l e x r e p r e s e n t s less t h a n l % - 2 % o f t he t o t a l PC3
load to the e n t i r e L a k e . I f the c o m p a r i s o n is m a d e to the l o w e r
A r o c l o r i n t he p r e c i p i t a t i o n , t he present f l u x r e p r e s e n t s a b o u t
l % - 6 % . The present inpu t is t h e r e f o r e not a s i g n i f i c a n t percent
of the p r e s e n t to ta l load to the L a k e . I t should be noted
h o w e v e r , t h a t the c o m p a r i s o n i s to the w h o l e o f L a k e M i c h i g a n and
t h a t t h e p r e s e n t f l u x i s s i g n i f i c a n t r e l a t i v e t o t h e H a r b o r
i t s e l f and to the r e s i d e n t f i s h and does i n f l u e n c e a r e g i o n
o u t s i d e of the H a r b o r m o u t h (see F i g u r e 43) .
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In the past , h o w e v e r , when PCBs were used, the e s t ima ted
i npu t f rom the Harbor /Di tch system may have g r e a t l y exceeded al l
o t h e r sources to Lake M i c h i g a n . For the es t imated past input
c o n d i t i o n s , the range of 4300-27 ,000 kg/yr is subs tan t i a l1y
g r e a t e r than the range of present input of total PCB of 1400-5600
kg/yr . One concludes f o r m th i s copar i son t h a t i t appears t h a t
the m a j o r i npu t o f PCBs f r o m W a u k e g a n Ha rbo r and the N o r t h D i t c h
to Lake M i c h i g a n occu r r ed d u r i n g the t ime of PCB usage by the ONC
p l a n t . When purchases ceased and d i scharges to the H a r b o r / D i t c h
were d i s c o n t i n u e d , the mass f l u x of PCB to the L a k 2 , as a w h o l e ,
dropped s i g n i f i c a n t l y .

In o r d e r to assess the s i g n i f i c a n c e of the past d i s c h a r g e s of
PCBs to Lake M i c h i g a n , a s i m i l u a t i o n ana lys i s was conduc ted u s i n g
a model of the Lake . This la t ter model was cons t ruc t ed under
o the r research w o r k tha t i nco rpo ra t e s phenomena s i m i l a r to the
model discussed h e r e i n and is reported on in Thomann (19805) .
The whole Lake M i c h i g a n model was cal ibra ted to suspended solids
and pi u toni um-2 39 da t a . Deta i l s are g iven in Thomann (1980b) .

Figure 59 shows the assumed input load of 15 ,000 kg/yr
beg inn ing in 1955 and con t inu ing to 1971. This load represents
the best e s t ima te of the d i scharge from the H a r b o r / D i t c h system
as discussed in Section 11. F igu re 60 indicates the range of the
calculated response based on whether a) the loss of PCB f rom the
water column is due to sett l ing only, (upper l i m i t ) or b) the
loss of PCB also inc ludes loss due to e v a p o r a t i o n or non-
desorbab ly PCB ( lower l i m i t ) . Peak concentra t ions are reached in
1970 whe re t h e c a l c u l a t e d r a n g e i n t h e w h o l e l a k e P C B
c o n c e n t r a t i o n due to 15 ,000 kg/yr is f r o m about 7 to 15 ng/1.
F o l l o w i n g cessa t ion of the i n p u t , the w a t e r c o n c e n t r a t i o n of the
Lake is c a l c u l a t e d to decl-ine to 0 .1 -2 .0 ng/1.

The s i g n i f i c a n c e of the 7-15 ng/1 range can be 'assessed by
c o m p a r i n g th i s r ange to the a d d i t i o n a l c o n c e n t r a t i o n t h a t r e s u l t s
f r o m t h e o t h e r i n p u t s t o Lake M i c h i g a n . C o n s i d e r i n g these o t h e r
i n p u t s to be " b a c k g r o u n d " a t 1403-5530 k g / y r , the r e sponse u n d e r
the se t t l ing o n l y case is f r o m 2-6 ng/1. It should h o w e v e r be
no ted inpu t s to Lake M i c h i g a n , on a whole l ake b a s i s , may h a v e
b e e n g r e a t e r or less than this va lue . Unde r the case of
e v a p o r a t i o n or nor.-desorbabl e PCB, the response due to the
b a c k g r o u n d load is f r o m about 1-3 ng/1. F i g u r e 60 shows t h i s
l a t t e r case w h i c h indica tes tha t d u r i n g past d i s c h a r g e s f r o m
W a u k e g a n H a r b o r and Nor th D i t c h , the r e s u l t i n g PCB c o n c e n t r a t i o n
may have been about 7 0 - 3 9 % of the a m b i e n t total whole l a k e
c o n c e n t r a t i o n . Under the upper l i m i t , the range i s 5 4 - 7 3 % .
T h u s , about 5 0 - 9 0 % of the c o n c e n t r a t i o n of PCB in 1973 in Lake
M i c h i g a n is c a l c u l a t e d to be due to the d i s cha rge f r o m the
H a r b o r / D i t c h s y s t e m . N o w , o n e c a n m a k e t h e v e r y s i m p l e , b u t
m e a s u r a b l e a n d d e f e n s i b l e a s s u m p t i o n t h a t t h e P C B bodv b u r d e n i n
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the top p reda to r of Lake M i c h i g a n is d i r e c t l y p r o p o r t i o n a l to the
wate r c o n c e n t r a t i o n . T h e r e f o r e , 50-99% of the PC3 levels in
l a k e f r o n t in 1970-71, may have been due to the d i s c h a r g e f r o m the
Waukegan H a r b o r / N o r t h Ditch system.

In s u m m a r y , th i s e n t i r e ana lys i s i n d i c a t e s tha t r e l a t i v e to
t he whole o f Lake M i c h i g a n the present f l u x f r o m W a u k e - j a n H a r b o r
and the N o r t h Di th of about 10-20 kg PC3/yr is smal l when
compared to the total present load of 1400-5600 kg PCB/yr . The
present f l u x however is cons iderab ly more s i g n i f i c a n t on a local
near-shore basis . The past f l u x d u r i n g t ime of d i scha rge may
have ranged f rom 3 to 5 t imes the PCB input f r o m other e x t e r n a l
sources . For an assumed t ime h i s t o r y of 15 years of f l u x at
1 5 , 0 0 0 k g / y r , t he e q u i l i b r i u m water co lumn response fo r L a k e
M i c h i g a n ranges f r o m 7-15 ng/1 at peak level in 1970. The past
d i s c h a r g e f r o m the H a r b o r and Di tch d u r i n g use of PCB may h a v e
accoun ted for 50-90% of Lake M i c h i g a n water c o n c e n t r a t i o n at peak
level s .
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S E C T I O N 12

S I G N I F I C A N C E OF THE REMOVAL OF HARBOR S E D I M E N T

I t was est imated that app rox ima te ly 2 C 7 , 1 0 0 k i l o g r a m s of
total PCB are con ta ined in the sed imen t s of W a u k e g a n H a r b o r . I t
is these P C B ' s , located p r i m a r i l y in Sl ip I 3 of the i n n e r
H a r b o r , w h i c h a r e t h e d r i v i n g f o r c e f o r t h e P C B ' s e n t e r i n g Lake
M i c h i g a n from the Ha rbo r . Proposals to dredge Waukegan H a r b o r to
remove c o n t a m i n a t e d sed iments have been made . H o w e v e r , the
ex ten t to which d r e d g i n g would be necessary, in te rms of to wha t
levels P C B ' s should be reduced , was unc lea r . The impac t of
dredging to var ious levels of PCB upon Harbor water co lumn
c o n c e n t r a t i o n s , and upon the PCB load to the Lake a n d , the impac t
upon the c o n c e n t r a t i o n s of PCB in r es iden t f i s h species was not
known .

The m a t h e m a t i c a l m o d e l i n g f r a m e w o r k , a s o u t l i n e d in p r e v i o u s
s e c t i o n s , was a p p l i e d to these q u e s t i o n s . A s e r i e s of
s i m u l a t i o n s was p e r f o r m e d in w h i c h the PCB leve ls con t a ined in
the sed imen t s were reduced f r o m the e s t i m a t e s of the p r e sen t
c o n c e n t r a t i o n s to 100 u g / g , 50 u g / g , 10 u g / g and 1 u g / g levels .
The k i n e t i c cons tan ts and p a r a m e t e r s , Lake M i c h i g a n b o u n d a r y
c o n c e n t r a t i o n s , e tc . , were not changed f r o m those used in the
c a l i b r a t i o n s . The r e s u l t s of these s i m u l a t i o n s are shown in
F i g u r e 61 a long wi th c a l c u l a t e d present levels of to ta l PCB.

The d r e d g i n g of H a r b o r sed imen t s to a level of 120 ug /g would
r e d u c e peak wa t e r c o l u m n c o n c e n t r a t i o n s by a p p r o x i m a t e l y one
o r d e r of m a g n i t u d e . R e d u c t i o n s to the 50 u g / g or 1 ug /g leve ls

" w o u l d have s i g n i f i c a n t l y s m a l l e r impac ts upon t h e r e d u c t i o n s i n
w a t e r c o l u m n c o n c e n t r a t i o n s in the i n n e r H a r b o r and a l m o s t no
i m p a c t on c o n c e n t r a t i o n s w h i c h w o u l d be obse rved a t the e n t r a n c e
to the Ka r b o r .

The net f l u x of to ta l PCB on an a n n u a l bas i s to Lake M i c h i g a n
u n d e r p r e s e n t c o n d i t i o n s and a s c a l c u l a t e d fo r each o f t he
d r e d g i n g s i m u l a t i o n s a r e p resen ted i n Table I X .
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TABLE IX

Harbor Sediment PCB Levels

Present Level (No Action)

Dredged to 100 ug/g

Dredged to 50

Dredged to 10

Dredged to 1

Flux of Total PCB
from Harbor to Lake Michigan

<10 kg/year

-.3 kg/year

-.4 kg/year

-.43 kg/year

-. 45 kg/year

The estimated 10 kg/year which is presently entering Lake
Michigan is eliminated by dredging the Harbor to the 10(3 ug/g
level. At this level, concentrations in Lake Michigan are higher
than those at the mouth of the Harbor. This is calculated to
result in a net transfer of PCB into Waukegan Harbor. These are
approximate calculations only and simply indicate that dredging
to levels of approximately 10-100 ug/g would probably eliminate
the present discharge of PCB from the Harbor to the Lake.

The estimation of the reduction in water column PCB
concentrations as a result of dredging permits subsequent
estimation of the expected reduction in the PCB concentration of
any resident fish species. The calculation follows the general
approach outlined e a r l i e r , namely that an approximate bio-
accumulation factor of 630 ug/g per ug/1 is reasonable. The
dissolved PCB concentration calculated from the preceding
analysis was therefore used together with this accumulation
factor. The results are shown in Figure 62. Dredging to the 100
ug/g level is estimated to result in a significant decline in
fish body burdens to less than 5 ug/g for all buc the innermost
500 m of the Harbor. Dredging to the 10 ug/g sediment PC3 level
results in a further decline in fish PCB concentrations to about
3 ug/g for the entire Harbor. Additional removal of sediment to
1 ug/g does not result in any significant further reductions. In
all cases, the resulting body burden, on a whole-body basis, is
estimated to be above, but only slightly for the 1 ug/g case, the
proposed FDA limit of 2 ug/g.
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(A) ASSUMED INPUT FROM
H A R B O R / D I T C H

(B) CALCULUTED RESPONSE
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Figure 59. Long term response of Whole Lake Michigan
to assumed PCB Input from Harbor/Ditch


